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Preface 
This thesis comprises original research conducted by myself with guidance from my 
supervisors, James Cook (primary supervisor), Markus Riegler and Robert Spooner-Hart. I 
conceptualised the research project together with my supervisory panel. I have conducted all 
the data collection, analyses, interpretation, and illustrations present in this thesis. I have 
written this thesis with guidance from the supervisory panel.  
This thesis is a standard thesis and not a thesis by publication. However, it consists of a 
review chapter, four stand-alone experimental chapters that have been written in a format 
appropriate for peer-review journals, and a final conclusions chapter. 
The structure of the thesis is given below. Any supplementary tables or figures for each 
chapter are presented in Appendices, as detailed below: 
Chapter 1: Introductory chapter 
Chapter 2: Molecular screening reveals a wider geographic and host range for a novel                                                   
stingless bee disease. 
Appendix A, Appendix B, Appendix C and Appendix D 
Chapter 3: The distorted dysbiosis in the brood disease of stingless bees. 
Appendix E, Appendix F and Appendix G 
Chapter 4: The Prevalence and patterns of Black queen cell virus and Nosema infections in 
native Australian Stingless bees. 
Appendix A and Appendix B 
Chapter 5: Exploring the virosphere of honeybees and stingless bees. 
Appendix H, Appendix I, Appendix J, Appendix K and Appendix L 
Chapter 6: Conclusions and future directions. 
  
 
 x  
Thesis abstract 
The greatest challenges faced by honeybees and beekeeping are pests and diseases. To 
safeguard against the risks posed by these threats, various native bee species are being used 
or at least considered as potentially substituting for the role of honeybees as pollinators of 
various crops. In Australia, stingless bee species maybe especially useful as in this capacity 
because they are comprised of colonies of thousands of foragers and can be managed in man-
made hives and transported in large numbers to farms during crop flowering. However, a 
concern with this approach is that diseases that infect honeybees — especially viruses — may 
also infect stingless bee species and vice versa. If so, then the hope of using stingless bees as 
a backup in times where honeybee stocks have been impacted by disease may be misguided 
because stingless bees may be impacted just as much under such circumstances. Moreover, 
even if stingless bees could support honeybee functions in situations where honeybee 
declines are caused by factors other than disease, the capacity could be constrained by 
vulnerability to honeybee disease. Such disease transmission may occur where honeybee 
hives are deployed to areas where stingless bees naturally forage, and also in places where 
stingless beehives are used in places where feral/wild honeybees co-forage. Furthermore, 
deploying stingless bees to areas where foraging is coextensive may make difficulties 
honeybees face worse if diseases readily spill over from stingless bees into the commercial 
honeybee population. While researchers have focused a great deal on the diseases of 
honeybees, we know comparatively little about the diseases of stingless bees, despite their 
growing importance in commercial pollination. Put simply, we do not know enough to 
properly evaluate the risks and benefits of using stingless bees as adjunct pollinators. Thus, 
this thesis aimed to expand our knowledge of the diseases of stingless bees and their 
dynamics. 
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What little is known about stingless bee diseases relates to those affecting the developing 
brood (brood disease). Brood disease among stingless bees was first detected at the 
University of Western Sydney, Richmond, Australia. Hive losses were reported in 
Tetragonula carbonaria and Austroplebeia australis, and the causative organism was 
identified as Lysinibacillus sphaericus. What remains unknown, however, are the 
geographical and host ranges of this disease. There is also insufficient evidence for us to yet 
adjudicate whether this is a true pathogen or merely an opportunistic one, i.e., causing disease 
given certain suitable conditions, such as hosts with compromised immune systems. The 
difference is important for management practices in terms of how beekeepers should respond 
to diseased hives.  
In this thesis, I explore the incidence of L. sphaericus in samples of foragers and larvae 
collected from asymptomatic and symptomatic hives using both commercial and hobby hives. 
These samples were then analysed using a combination of molecular methods, including 
Polymerase Chain Reaction (PCR), multilocus strain typing, and 16S and ITS amplicon 
sequencing. I discovered that the bacterium was not readily detected in foragers and larvae 
from asymptomatic hives, nor was disease associated with co-infection with Sacbrood virus 
(SBV). However, I found that L. sphaericus was readily detected in the discarded larvae of 
symptomatic T. carbonaria and Tetragonula hockingsi hives. Moreover, the bacterium 
responsible appeared restricted to the multilocus strain type initially reported and from 
various sites in Sydney, New South Wales, and sites in South-Eastern Queensland. These 
findings add to our understanding of the geographic and host ranges of the disease. 
Furthermore, in the microbiome of diseased larvae, L. sphaericus dominated, comprising 
>99% of the 16S sequence reads. I suggest that this bacterium causes a distortion in both the 
bacterial and fungal larvae microbiome, compromising the potential functioning of the 
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healthy microbiome in several ways, including sugar metabolism. In short, my results 
indicate that L. sphaericus is indeed a true pathogen of stingless bees.  
That RNA viruses can flow from honeybees to other pollinating insects has been 
demonstrated elsewhere, with some of these viruses shown to be replicating in other 
important adjunct bee species, such as bumblebees. Australian honeybees carry Black queen 
cell virus (BQCV), Sacbrood virus (SBV), Israeli acute paralysis virus (IAPV) and Lake 
Sinai virus 1 and 2 (LSV1 and LSV2). Conversely, stingless bees may carry their own 
collection of other viruses that they may flow into honeybees, but this has not been 
investigated. 
I hypothesised that the transmission of honeybee viruses to stingless bees is more likely in 
vicinities where the two species are deployed simultaneously for commercial pollination. I 
therefore conducted a study to find out how prevalent the honeybee virus BQCV was in 
stingless bees. Using stingless bee samples of foragers collected from commercial and hobby 
hives, I tested for the prevalence of BQCV. The data showed no increased prevalence in 
stingless bees used for commercial pollination. In fact, BQCV was only detected in a few 
hobby stingless beehives. Testing individual honeybees and stingless bees by quantitative 
PCR, as well as network analysis of sequences from part of the capsid gene, I sought to 
determine the viral loads and the direction of flow of the virus. I found the viral loads in 
individual stingless bees to be far lower than those in honeybees, and that sequences from 
stingless bees matched those from local honeybees, suggesting local spill-over.  
I next used whole transcriptome sequencing to search for other viruses that stingless bees and 
honeybees may be sharing, using pooled samples of foraging stingless bees from hives of T. 
carbonaria, T. hockingsi and A. australis, as well as honeybees. I detected the honeybee 
associated viruses BQCV and LSV1 and LSV 2 only in honeybees. However, the virosphere 
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of honeybees and stingless bees also contained high numbers of sequences from plant 
pathogenic viruses. Two of these viruses are of agricultural importance and had not been 
reported previously in Eastern Australia. I detected Tomato ringspot virus (ToRSV) in 
honeybees, and Pelargonium Zonate Spot Virus (PZSV) in A. australis. I question the 
potential of these bee species as potential hosts for these plant viruses and highlight the 
prospect of using stingless bees and honeybees to locate plant pathogen occurrences.  
Bees and other pollinators have thrived for millions of years while promoting the biodiversity 
and vibrant ecosystems they coevolved with. However, from an anthropocentric perspective, 
arguably the key importance of bees lies in the vital role they play in pollinating many of the 
micronutrient-rich fruits, vegetables, nuts, seeds, and oils we eat. It is my hope that this thesis 
will stimulate future research on diseases of stingless bees, thereby ensuring the health of bee 
species and protecting the ecosystems they service. If the findings in this thesis help with 
successful management of bees for their valuable pollinating services and so help contribute 
to food sustainability, then it has achieved its wider purpose. 
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What makes bees special is their relationship with flowers. Unlike other insects that frequent 
flowers, bees feed solely on resources from flowers. Bees digest nectar as a carbohydrate 
source and pollen as a source of protein. Some bee species have become specialist feeders on 
one or a few plant species (oligolectic), while others are generalists in their flower selection 
(polylectic) (Mitchener, 2000). As bees forage from flower to flower, they facilitate the plant 
sexual reproduction by transferring pollen from flower stamens to flower pistils; therefore, it 
is the foraging behaviour of bees that can result in pollination. Thus, through servicing the 
nutritional requirements of bees, many plants achieve their own reproduction. This highlights 
the importance of bees in providing vital pollination services to many plants around the world 
(Ollerton et al, 2011).   
From an anthropocentric perspective, bees make an enormous contribution to our agricultural 
food production systems, hence are critical for the global economy. While not all food crops 
are reliant on insect pollination (cereals such as wheat, rice and maize are wind-pollinated; 
crops such as potatoes, yams and cassava are dependent on the vegetative growth of tubers), 
most of our foods require the pollination services of bees and other insects (Klein et al, 2007). 
Though cereals provide a stable source of calories to the human diet, it is insect-pollinated 
crops that provide essential vitamins and nutrients including folic acid, lipids and vitamins A 
and C (Eilers et al, 2011). Additionally, bees pollinate nitrogen-fixing plants, such as lucerne 
and other legumes, that feed cows for the meat and dairy industries (Levin, 1983). Morse & 
Caldrone (2000) estimated in the United States economy, honeybees add $14.6 billion by 
pollinating crops in the year 2000. 
While the exact number of bee species is not known, estimates suggest between 20,000-
30,000 species worldwide (Parker et al, 1987), and bees are present in all continents except 
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for Antarctica (Michener, 1979). Some bees live underground; others in trees or within the 
walls of human dwellings; some live-in tropical climates; others in temperate regions; some 
are solitary, and others are semi-social or eusocial (Mitchener, 2000). However, global 
agriculture relies very heavily on the social European honeybee, Apis mellifera.  
In 2006, the phenomenon known as Colony Collapse Disorder (CCD) resulted in the decline 
of the vast majority of honeybee hives that pollinated the industrial almond orchards of the 
United States (Evans et al, 2009). Infectious diseases were initially thought to have 
played a major role in CCD (Gisder & Genersch, 2015, Cox-Foster, 2007, Cox-Foster, et al, 
2007). Because this incident highlighted our reliance on honeybees and the importance of 
honeybee health for food suppliers around the world, it drove large amounts of research 
money into finding its cause(s). It seems that these declines are not due solely to disease, but 
to the lack of supportive landscapes for bee health more generally. Extensive monoculture-
based agriculture replacing natural ecosystems may have led to declines in bee species as a 
result of fewer floral resources and inadequate nutrition (McNeil et al, 2020, St Clair et al, 
2020). A variety of harmful effects on bees has been linked to insecticides, particularly 
neonicotinoids (Sgolastra et al, 2020) and a range of novel insecticides that share the same 
mode of action (for a review, see Siviter et al, 2020). Additionally, large-scale geographic 
analyses have suggested that climatic shifts contribute to declines in local bumble bee 
populations, indicating that climate change could represent a threat to bee populations 
(Soroye et al, 2020). In short, although CCD could not be attributed to any single pathogen, 
many honeybee viruses were identified in affected colonies, with a consensus view emerging 
that a combination of viruses and other stresses might be the cause (Anderson & East, 2008, 
McMenamin et al, 2015).  
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While significant CCD seems to have only occurred in the United States, the diseases and the 
many other potentially relevant factors noted above have likely affected honeybees more 
globally and may be increasing in severity (Goulson & Kleijn, 2013, Manley et al, 
2015). While surveys have documented local declines in managed honeybees around the 
world (Breeze et al, 2014, Cox-Foster et al, 2007, Ellis et al, 2010, Potts et al, 2010, Van 
Engelsdorp et al, 2008), the global number of domesticated hives has actually increased by an 
estimated 45% since 1961. This is due largely to the increase in demand for agricultural 
pollination services in China and Argentina (Aizen & Harder, 2009).  
With such a dependence on honeybees for food production, even a temporary decline in hive 
numbers can have a devastating impact. Measures to counteract commercial honeybee losses 
now include investigating alternative bee species to work alongside, or in place of, 
commercial honeybees. One concern with this approach is that diseases that affect honeybees 
may also affect other bee species and vice versa (Goulson et al, 2015, McMahon et al, 2015). 
While there are numerous factors involved in the spread of infectious diseases, managed 
hives for pollination services (such as in the large-scale migration of hives for the almond 
industry) can act as hot spots for disease emergence and transmission (Graystock et al, 2015). 
The congregation and movement of these hives around the countryside and into bushland is 
therefore a potential avenue for such spread. This could place alternative pollinating species 
at risk of not only acquiring such infections, but also perhaps becoming reservoirs or vectors 
of such diseases themselves (Birmingham et al, 2004, Fürst et al, 2014, Kluser et al, 2010, 
Levitt et al, 2013), leading to further honeybee colony losses, and even local extinctions 
(Cameron et al, 2011, Bommarco et al, 2012, Meeus et al, 2011, Tehel et al, 2016).  
In the event of honeybee shortages, native bee communities might provide an insurance 
policy, and are already contributing substantially to the pollination of some crops (Garibaldi 
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et al, 2013). One important alternative group of pollinators is the stingless bees (Tribe: 
Meliponini). Stingless bees are comprised of about 500 species worldwide and have 11 
species described within Australia. There is growing interest in stingless bees for commercial 
pollination services (Cunningham et al, 2002, Heard & Dollin, 2000, Halcroft et al, 2013), 
and it is often envisioned that they can work side-by-side with commercial honeybees.  
Stingless bees, like honeybees, are highly social (eusocial). They do not display a solitary 
phase in their life cycle and colonies are perennial with overlapping generations. These 
societies have a reproductively dominant female (a queen), and she lays eggs that are reared 
by a caste of functionally sterile female worker bees. The advantage of using eusocial bees 
such as stingless bees as adjunct pollinators is that they can be kept in large numbers in 
specially designed hive boxes and readily moved (Heard & Dollin, 2000) to assist with 
commercial pollination services.  
Other attributes of stingless bees also make them attractive for commercial pollination. For 
example, stingless bees are generalist feeders at the colony level, but specialist feeders at the 
individual level, preferring a single species of flower for a period of time (a phenomenon 
termed floral constancy; Heard, 1999). Flower constancy of pollinators clearly benefits co-
flowering plant species as it leads to a high efficiency of pollen delivery, and hence of 
pollination.  
There are also likely advantages due to diseases differentially affecting stingless bees as 
compared to honeybees. For example, Australian stingless bees are not affected by the Apis-
specific Varroa mite and may be useful pollinators of many crops following declines in 
honeybee populations due to this parasite. Similarly, whereas honeybees are vulnerable to 
parasitic small hive beetles (Aethina tumida) — a current concern to Australian honeybee 
keepers (Spiewok et al, 2008) — stingless bees have more formidable defences: Tetragonula. 
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carbonaria and Austroplebeia australis immediately mummify invading hive beetles with a 
mixture of resin, wax, and mud, thereby preventing severe damage to the colony (Greco et al, 
2010, Halcroft et al, 2012).  
Australia has two genera of social stingless bees - Tetragonula and Austroplebeia - with a 
geographical range from the top end of Australia extending down the Queensland and New 
South Wales coastline. Although Tetragonula is composed of 11-15 species globally 
(O’Toole & Raw, 2004), only six species occur in Australia (Dollin & Dollin, 1997). The 
genus Austroplebeia, however, occurs only in Australia and consists of five species (Heard & 
Dollin, 2000). The most kept species by hobby and commercial beekeepers are T. carbonaria 





Bacterial brood diseases and microbiomes 
Although our knowledge of stingless bee diseases is limited, there is currently one key 
concern for the fledgling stingless bee industry - the recently reported brood disease caused 
by the bacterium Lysinibacillus sphaericus in T. carbonaria (Shanks et al, 2017). This is 
colloquially referred to as Shanks brood disease or SBD and was discovered in T. carbonaria 
in a managed hive in Richmond, New South Wales, Australia (Shanks et al, 2017). This 
bacterium is highly toxic against certain species of mosquito larvae (Berry, 2012) and is a 
concern for the utilisation of stingless bees in commercial pollination. Further work is needed 
to elucidate the ecological, geographical and host range of this brood disease. 
The bacterial brood disease of honeybees, Paenibacillus larvae (causative agent of American 
foulbrood AFB) has not been detected in stingless bees. However, Melissococcus plutonius 
(causative agent of European foulbrood EFB), another bacterial brood disease of honeybees, 
may be an emerging brood disease of stingless bee species in Brazil (Teixeira et al, 2020). 
Differences in susceptibility to these diseases may reflect contrasts in the microbiome of 
stingless bee and honeybee larvae. Menegatti et al, (2018) suggested that the bacterial 
microbiome of stingless bees produces antimicrobial products inhibiting the growth of at least 
one of these pathogens, Paenibacillus larvae (Menegatti et al, 2018). Consequently, the 
honeybee larval microbiome may protect bees against L. sphaericus. 
Animal microbiomes consist of various symbiotic bacteria, fungi, viruses, and Archaea 
providing useful services to their hosts. The microbiome has been shown to be important for 
the health of many species of insect (Benjamino et al, 2015), including bees. Its functions not 
only include preventing pathogens from colonising and transcending the gut lining (Dillon et 
al, 2005, Greenberg et al, 1970, Lawley & Walker, 2013), but also involve other processes, 
such as modulating host immune responses and providing substrates and enzymes that aid 
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metabolism (Engel et al, 2012, Engel & Moran, 2013a, Engel & Moran, 2013b, Lee et al, 
2015). In some insects, like Drosophila (Wong et al, 2013), these symbionts are transient 
non-specialised environmental microbes that, while performing important functions, are 
interchangeable (Wong et al, 2013). In other insect species such as termites, the relationship 
between the host and a specialised symbiotic core of microbiota is co-dependent (Brune & 
Ohkuma, 2010, Lamelas et al, 2011). 
In Apis mellifera (the European honeybee), the main bee species utilised for commercial 
pollination, a core microbiome has been identified in adults (Bonilla-Rosso et al, 2018, 
Kešnerová et al, 2017, Kwong et al, 2017, Zheng et al, 2017) and, to a lesser degree, in larvae 
(Martinson et al, 2012, Schwarz et al, 2016). Adult worker honeybees contain characteristic 
communities of bacteria, dominated by Gilliamella apicola, Snodgrassella alvi, Frischella 
perrara, Bartonella apis, certain Lactobacillus and Bifidobacterium species. It appears that 
these gut bacterial species may have undergone long-term coevolution with honeybees 
(Moran, 2015). This may suggest an essential role in bee health and indeed the microbiome 
of the honeybee appears to provide numerous genes beneficial for sugar and carbohydrate 
metabolism (Moran, 2015). For stingless bees, our knowledge of the key microbiota in larvae 
and adults is rudimentary, but preliminary studies suggest that a species similar to 
Lactobacillus might be common amongst some stingless bee species (Leonhardt & 
Kaltenpoth, 2014, Kwong & Mora, 2016, Paludo et al, 2018, 2019). Therefore, I hypothesise 
that a similar core microbiome might exist in stingless bees. 
 
Honeybee-associated viruses 
There are 18-24 viruses described as honeybee-associated viruses in the literature, mostly 
belonging to the order Picornavirales (Chen et al, 2007). The defining properties of most of 
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these viruses are that the nuclear material is single-stranded RNA (positive sense ssRNA+) 
and that they do not possess an outer envelope (i.e., they are non-enveloped or naked 
viruses). These viruses are transmitted in honeybees from infected parents to their offspring 
via contaminated ova or sperm (vertical transmission), and/or in the external environment to 
new individuals (horizontal transmission; Chen et al, 2007), e.g., by co-foraging on the same 
flowers. 
RNA viruses can have a variety of infection strategies. Some may be highly virulent, 
replicating very quickly with a rapid onset of symptoms (fast). Others may persist at some 
constant low virulence, replicating slowly with no immediately obvious symptoms (slow). 
Others can progressively increase their rate of infection geometrically when the host is 
stressed (latent) (Boldogh et al, 1996). Most honeybee viruses tend to be of the latent type (Ip 
et al, 2016, Amiri et al, 2015, Anderson & Gibbs 1988, Chen et al, 2004, Desai et al, 2015, 
Tentcheva.et al, 2004, Masters et al, 2016), with symptoms only becoming apparent when the 
number of viral particles (virions) exceeds some critical level. Such infections are suppressed 
by the healthy host's immune response, with viral replication and episodic shedding occurring 
when intrinsic or extrinsic stressors weaken the immune response.  (Budge et al, 2015, 
Blanchard et al, 2012).  
Viral symptoms are often not obvious to human observers; however, this does not mean the 
virus is inconsequential for the bees. For example, some viruses cause impairments in 
associative learning (Anderson & Giacon, 1992, Iqbal & Mueller, 2007). Associative learning 
is an important process by which animals can learn about fundamental relationships in their 
environment (Dickinson, 1989). Research suggests honeybees have evolved quite 
sophisticated associative learning capacities thought to determine foraging efficiency 




divergent to comprise new families, have recently been described (Shi et al, 2016). 
Invertebrates carry an extraordinary number of viruses, suggesting a viral association with 
invertebrates for potentially billions of years. Furthermore, invertebrates may be the original 
hosts for many RNA viruses (Shi et al, 2016). 
Viruses are obligate parasites, meaning they depend on host cells for their replication, but 
also must transfer from the infected host cells into susceptible hosts. For a virus to exploit a 
new host species (i.e., host shift), a series of connected enabling conditions are necessary 
(Figure 1-1), consisting of the donor host being present, infected and in most cases shedding 
the pathogen into the environment. The pathogen must then be able to survive outside the 
host for long enough to gain access to a new host. Finally, the new host must be exposed to 
the virus in sufficient quantity for an infection to establish, and must be susceptible to the 
pathogen (Morse, 2001, Plowright et al, 2015). 
 
Figure 1-1 Enabling events necessary for spill-over of infectious diseases 
 
A key concern is that these enabling conditions appear to come together in the potential 
sharing of viruses between honeybees and stingless bees. The donor hosts (i.e., honeybees) 
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were introduced into Australia in the 1820s, and feral and managed colonies enjoy a wide 
geographical distribution (Paton, 1996), with wild honeybees only absent from the most arid 
areas of Australia (Paton, 1996). Although the number of wild colonies is unknown, the 
numbers of managed hives registered is approximately 647,000 (agrifutures.com.au). The 
precise locations of these managed hives vary from year to year with the availability of floral 
resources, but they are generally concentrated in coastal regions, with the majority registered 
in New South Wales. In a large-scale screening of viruses in commercial honeybee 
populations throughout this range (Roberts et al, 2017), the prevalence was highest for 
BQCV (65%) and then LSV1 (45%) with only 14% of hives completely virus-free (Roberts 
et al, 2017). Hence, four enabling conditions for pathogen sharing between honeybees and 
other pollinating insects are met (Figure 1-1).  
Honeybees employed in intensive agriculture are an identified driver of disease spread 
(Graystock et al, 2016) due to management practices resulting in stresses, such as 
malnutrition and exposure to insecticides, contributing to immunosuppression (De Grandi-
Hoffman & Chen, 2015, Di Pasquale et al, 2013, Pisa et al, 2015). Consequently, commercial 
honeybee hives can have high parasite loads and may allow higher parasite virulence to 
evolve (Williams & Osborne, 2009). Infections of this kind have been associated with large-
scale honeybee colony losses. For example, a case in The Isle of Wight in Britain more than a 
hundred years ago, displayed symptoms like CBPV infection (Ribière, Olivier, & Blanchard, 
2010) and, as previously mentioned, CBPV may have contributed to the widespread cases of 
colony collapse disorder in the USA.  
Managed honeybees are transported in large numbers across the eastern states of Australia for 
pollination services, including for almond pollination (an industry requiring very large 
numbers of honeybees) in Victoria, New South Wales, and South Australia each year. In 
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Australia, commercial honeybee keepers rotate their hives around natural bushland sites on 
an opportunistic basis, wherever flowers are abundant, especially for major Eucalyptus 
flowering events (Arundel et al, 2016). Although this agistment may only be for 1-3 months 
at a time, it gives ample opportunity for different wild bee species to encounter commercial 
honeybees (Paini, 2004). 
The stability of free virus in the environment and the time lag between virus shedding and 
recipient host exposure determines the window during which cross-species transmission can 
occur. For honeybee-associated viruses, the virions are highly stable in the environment due 
to the absence of a fragile (naked) outer lipid envelope. Hence naked virions are resistant to 
heat, acids, detergents, and proteases (Murray et al, 2015). Viruses of this type are usually 
transmitted by the faecal-oral route. Evidence of horizontal transmission of honeybee viruses 
comes from studies of insects co-foraging on contaminated flowers (Bailes et al, 2018, 
Dalmon et al, 2021, Singh et al, 2010).  
In the case of stingless bees, the overlapping distribution of reservoir (honeybees) and 
recipient hosts (stingless bees) includes the tropical and subtropical regions of Australia - 
areas where both groups are at risk of infection (Figure 1-2). The amount of virus shed from 
bees is determined by the health status of bees, the viral load excreted, the number of bees 
present, and the amount of time bees spend within the area. The duration and intensity of 
contact increases when both species are employed for commercial pollination on the same 
farms, as may occur in South-Eastern Queensland. Thus, the enabling factors of pathogen 
survival outside the host and access to the new host are also fulfilled. However, the question 
of susceptibility remains open. There are potential barriers to the sharing of pathogens, such 




Figure 1-2 Geographic ranges of Tetragonula sp., Austroplebeia sp. and honeybees in Australia. Data from 
Atlas of Living Australia (www.ala.org.au retrieved 17/01/2020). 
 
In terms of social behaviour, social living in beehives involves close contact between 
thousands of individuals, which can allow diseases to spread quickly once they enter a hive. 
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To mitigate this, bees have evolved various hygienic behaviours to attenuate the spread of 
disease in the colony. For example, honeybees guard the nest entrance against invaders and 
have been shown to decrease the likelihood that diseased bees with CBPV from entering 
(Drum et al, 1985). Bees will remove dead individuals from the hive if they encounter them, 
groom one another, and collectively act to raise the internal temperature of the hive to kill 
pathogens in much the same way as the mammalian immune system might induce fever, 
termed “social immunity” (De Grand-Hoffman et al, 2015). Further, social bees have also 
been found to produce, collect and incorporate antimicrobial compounds in wax, propolis and 
cerumen (Abu-Mellal et al, 2012, Huang et al, 2014, Stow et al, 2007, Turnbull et al, 2010), 
providing protection from diseases. Additionally, stingless bees rear their young in special 
brood cells and cover them in a protective seal, storing their food in separate pots, destroying, 
and rebuilding these cells with each use to prevent the onward transmission of brood 
diseases. 
The greatest barrier to viral host shifts is how closely related the species are. Transmission is 
predicted to occur more readily between closely related species. This is because viruses must 
enter the cells of the new host to replicate, via binding to a cell receptor. The more similar the 
receptor in donor and recipient hosts, the more likely there will be a successful host shift. 
This is referred to as the “phylogenetic distance effect”. Less obvious, however, is how far 
that phylogenetic distance effect extends. For example, bird flu and coronavirus (e.g., 
COVID-19) can both host shift into humans (Pepin et al, 2010). Still, the phylogenetic 
distance effect may be the most important factor limiting the sharing of viral pathogens 
between stingless bees and honeybees. 
Paradoxically, it is the phylogenetic distance effect that RNA viruses are unusually well 
equipped to counter. This is because RNA viruses have inherently high mutation rates. Since 
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the enzyme that catalyses the reproduction of RNA viruses (RNA-dependent RNA 
polymerase (RdRp) gene) lacks proof-reading ability, errors in replication (mutations) are not 
corrected. This results in many related but different viral sequences, known as RNA virus 
quasi species (Domingo et al, 1997). For RNA viruses whose genomes contain ca. 104 bases, 
mutation rates are approximately 1 mutation per genome per replication, thereby generating 
extensive genetic variation and a rapid ability to evolve (Steinhauer & Holland, 1987; Koonin 
et al, 2008). In contrast, their DNA hosts using the DNA-dependent DNA polymerase 
(DdDp) has proofreading abilities and is one million times lower in mutation rate. This large 
gap in mutation rates means that RNA viruses have the potential to bridge the phylogenetic 
distance, resulting in host shifts. 
Whether spill-over infection results in onward transmission in the new host population 
depends upon the efficiency of viral replication in new host cells and the number of 
secondary cases that one infected case produces in a completely susceptible population. This 
is known as the basic reproduction number (Ro) of the virus. It is affected by the duration of 
infectivity, the infectiousness of the virus and the probability of infecting other susceptible 
individuals per unit of time. If R > 1, disease may be transmitted permanently in a population 
and become endemic. The new host species then becomes a “reservoir”, or “source” for the 
infection. If R < 1, the disease fades out of the population, needing continual contact with the 
other host species for new infections. The new host species is then referred to as a “dead end” 








Molecular protocols are available for the detection and analysis of honeybee-associated RNA 
viruses (Chen et al, 2005, De Miranda et al, 2013, De Smet et al, 2012, Meeus et al, 2011). 
However, the RNA viruses naturally associated with stingless bees are unknown. One method 
of discovering new viruses is using Whole-genome sequencing (WGS). Over recent years, 
WGS has revolutionised the discovery of viruses in insects (Chen et al, 2004, Cox-Foster et 
al, 2007, Runckel et al, 2011, Liu et al, 2015) and has demonstrated success in studies of 
honeybee viruses. Four Lake Sinai viruses were discovered using deep WGS and 
subsequently proved to be among the most abundant pathogens detected in honeybees in the 
United States (Runckel et al, 2011). Additionally, WGS has detected plant viruses in 
honeybees and some of these have subsequently been found to multiply in the insect host (Li 
et al, 2014). Apart from discovering new hosts and vectors for plant viruses, the value of 
detecting these plant-associated viruses also lies in surveillance for viruses of horticultural 
importance (Roberts et al, 2018).  
It is important to note that detection of viral genetic material in new host species does not 
necessarily mean spill-over infection has occurred. The term ‘sharing’ can be used to imply 
spill-over infection”. But detecting honeybee viral RNA in or on a new host species merely 
establishes that it is encountering honeybee viruses. For a spill-over infection to occur one 
must establish that the virus particles are entering the host cell and replicating, rather than, for 
instance, just being passively carried in the new host gut from ingestion of viral particles. 
Infectivity studies can demonstrate actual infection where the new host is exposed to the 
virus, whether via food or injection, and there is an observed rise in viral load over time. 
However, spill-over infections can also be inferred by comparing epidemiological data such 
as the prevalence and incidence and viral sequences from the original host and the new host. 
In this thesis I have used epidemiological data to infer spill-over infection or the lack thereof.  
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Compared to the literature on bee viruses in other pollinating insect in elsewhere, the 
literature on bee viruses in Australia is scant. We do know from a large national study 
looking for honeybee viruses in commercial honeybees conducted by Roberts et al, (2017) 
the honeybee viruses BQCV, SBV and LSV1 and LSV2 to be highly prevalent. Fung et al, 
(2018) detected Kashmir bee virus (KBV) and SBV, in the introduced bumble bee to 
Tasmania B. terrestris. Brettell et al, (2020) in a study in New South Wales detected a high 
prevalence of BQCV and SBV in the honeybees and at a much lower prevalence in co-
foraging native pollinators. This confirms that native pollinators are encountering honeybee 
viruses but leaves open the question of whether spill-over infections occur.  
In summary, while behavioural and ecological processes are important in determining 
whether a novel host is exposed to a novel pathogen and whether onward transmission 
occurs, even the fittest virus cannot achieve epidemic spread unless it reaches a susceptible 
population of sufficient size and density for onward transmission. If honeybees and stingless 
bees are susceptible to the same infectious diseases, both these conditions have the potential 
to be met on farms whilst bees are performing commercial pollination services. 
 
Research scope and aims 
The health of bees has (unsurprisingly) been studied mainly in honeybees. Due to the 
importance of other insect pollinator species such as stingless bees, this research needs to 
broaden. The aim of the thesis is to assess the pathogen risks to honeybees and stingless bees, 
in the Australian context. Two focus areas were chosen for this thesis to broaden our 
knowledge of: 
1) The ecology of the brood disease caused by L. sphaericus in stingless bees, and 
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2)  The virosphere of Australian stingless bees. 
The scope of the research is restricted to exploration of the pathogens of bees in the field. I do 
not, for example, embark on infection experiments to determine host susceptibility.  
 
Significance of the study 
On a practical level, an outcome of this study is to extend our knowledge of stingless bee 
diseases to safeguard against colony losses. The stingless bee species investigated in the 
study are T. carbonaria, T. hockingsi and A. australis, three commonly used species in 
commercial pollination and kept by hobby beekeepers. 
 
Overview of the study 
This general introduction has described infectious disease threats to Australian stingless bees 
and discussed the risk factors for honeybee associated viruses to be shared amongst 
pollinating insects, setting the context for the thesis. It has also highlighted some research 
gaps in this field. These gaps are addressed in the following thesis chapters. The thesis is 
composed of two sections, each addressing one of the two research areas (Figure 1-4).  The 
first two research chapters (Chapters 2 and 3) focus on the known brood disease of stingless 







used for commercial pollination, in two main stingless beekeeping areas for commercial 
pollination services (North-Eastern of New South Wales and South-Eastern Queensland 
areas).  
Chapter 3 investigates the distorted microbiome of stingless bees infected by L. sphaericus. 
The interaction of key bacterial and fungal taxa with stingless bee health is a little studied 
topic to date. Hence, the research hypothesis “The microbiomes of larvae and adults from 
SBD infected hives will differ from those of healthy hives”. With the aim of increasing our 
knowledge in this area, I sought to describe the dysbiosis associated with infection by the 
pathogen L. sphaericus in stingless bee larvae, using amplicon sequencing (16S RNA and 
ITS) to determine and compare the: 
• Microbiome in “healthy” stingless bee larvae.  
• Microbiome in “healthy” stingless bee adults. 
• Dysbiosis in “sick” larvae. 
• Dysbiosis in “sick” adults. 
Chapter 4 examines the prevalence and patterns of Black queen cell virus (BQCV) and 
Nosema infections in native Australian stingless bees. It cannot be assumed that all bee 
species are susceptible to honeybee diseases. Hence, the research hypothesis “If BQCV from 
honeybees is spilling-over into Australian stingless bees, then BQCV will be more prevalent 
in commercially managed stingless bees, co-located with honeybees”. A key factor 
influencing pathogen spill-over is host phylogenetic relatedness. In this chapter the 
prevalence and quantities of viruses in different populations of bees were determined using 
quantitative Polymerase Chain Reaction (qPCR). The populations included commercially 
managed stingless bees and co-located honeybees, stingless bees sourced from hobby 
keepers, and honeybees foraging in public parks. These populations were chosen because of 
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the different ecological and physiological barriers operating within the populations. Thus, a 
study was undertaken with the aim to test: 
• The prevalence of BQCV in stingless bees in the field. 
• If BQCV prevalence is higher in stingless bees infected with Nosema. 
• If the BQCV sequences in stingless bees suggest host-specific strains. 
Chapter 5 peruses the transcriptome of stingless bees for potential viral and bacterial 
pathogens of honeybees and stingless bees in Eastern Australia. All life forms tend to suffer 
from diseases, so stingless bees should be no different. Yet, despite the ecological importance 
of stingless bees little is known about their diseases. It is likely that stingless bees are 
susceptible to a range of currently unknown pathogens that may be host-specific or more 
generalist. It is also plausible, since the honeybee was introduced into Australia some 200 
years ago, that spill-over of viral pathogens has already occurred between honeybees and 
stingless bees. Hence, the research hypothesis “Stingless bees harbour a variety of currently 
unknown viruses”. As discussed in the opening chapter, new molecular and computational 
tools hold enormous potential for studying the dynamics of infectious diseases. Thus, a study 
was undertaken using WGS. To search for pathogens in stingless bees and honeybees, the 
transcriptome was sequenced using RNA-sequencing (RNA-seq) to discover: 
• If honeybee-associated viruses can be detected in stingless bees. 
• What plant viruses can be detected in honeybees and stingless bees. 
• Novel viruses that honeybees and stingless bees might be share. 
 
Chapter 6 briefly synthesises the key findings of this research, within the framework of bee 
health, and links these to the importance of pollination in agriculture, the management of 
beehives and food security. The wider importance of our native bees within other ecosystems 
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is also reinforced. Avenues for future research in terms of practical applications as well as 











Molecular screening reveals a wider geographic and host range 







The limited knowledge of diseases of stingless bees is disconcerting considering their 
growing importance in commercial pollination. It was only in 2017 that the first brood 
disease in stingless bees was reported. The study identified Lysinibacillus sphaericus, a 
common soil bacterium, as the causal pathogen in Tetragonula carbonaria and Austroplebeia 
australis colonies located in Western Sydney, New South Wales. However, it is not known 
whether the disease affects the main species and areas involved in stingless beekeeping, and whether a 
single strain is responsible for the disease. In the current study, a total of 50 healthy hives and ten 
“sick” hives were tested for the bacterium using species-specific qPCR. A key finding was 
that L. sphaericus was only detected in sick hives (i.e., those exhibiting a sudden dumping of 
larvae, with reduced forager activity). Sick hives were not restricted to Western Sydney, but 
also included hives from other sites in New South Wales and Queensland. Furthermore, the 
host range of L. sphaericus included an additional stingless bee species, Tetragonula 
hockingsi. Analyses of DNA sequences from infected larvae from all ten sick hives indicate 
that the pathogen appears to be a specific, non-toxigenic strain of L. sphaericus. While the 
mechanism of transmission remains unclear, it appears that the bacterium does not form part 
of the normal commensal flora of stingless bees. Therefore, the pathogen is probably 
introduced into hives.  
 
Introduction 
Stingless bees are an important and valued group of social bees kept and managed in hives 
for honey and medicinal products, and more recently for commercial pollination, mostly in 
tropical regions (Amano et al, 2000, Aguilar et al, 2013, Ayala et al, 2013, Giannini et al, 
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2015, Halcroft et al, 2013, Krishan et al, 2017, Slaa et al, 2006, da Silva et al, 2017, Vossler 
et al, 2018). However, our knowledge of stingless bee diseases is limited when compared 
with other managed bees, such as the European honeybee (Apis mellifera) and bumblebees 
(Bombus spp.). Only one specific brood disease of stingless bees has been reported; this was 
detected recently in experimental hives at the Western Sydney University, Australia (33.61 
S,150.75 E) (Shanks et al, 2017). 
The causative agent of this disease was identified as L. sphaericus; a common soil bacterium 
that typically forms symbiotic communities with the rhizosphere of plants (Han et al, 2009) 
and also forms part of the human microbiome (Hoyles et al, 2012, Samb-Ba et al, 2014). 
Within infected hives, the bacterium was detected in worker and queen larvae, worker and 
queen cell provisions, and honey stores (Shanks et al, 2017). The infectious nature of the 
bacterium was demonstrated by experimentally inoculating a healthy hive of the Australian 
stingless bee, T. carbonaria, that subsequently succumbed to the disease (Shanks et al, 2017).  
The isolation of this bacterium in relation to a brood disease is unsurprising. Some L. 
sphaericus strains produce toxins that are lethal to insects (Kellen et al, 1965, reviewed by 
Berry, 2012), particularly mosquito larvae, and have been used in commercial formulations to 
that effect (Rojas-Pinzón et al, 2017). However, it is believed that these toxins are not 
deleterious to bees (Davidson et al, 1977), and no toxin genes or toxin crystals were 
identified in the samples investigated by Shanks et al, (2017). Indeed, the DNA sequence of 
the isolate recovered by Shanks et al, (2017) was most like the non-toxic L. sphaericus strain 
NRS-1963 (NCBI GenBank AF169533) from soil.  
To understand how this bacterium causes brood disease, more information about its ecology 
is needed, as well as establishing if the disease is more widespread than a few colonies in 
Western Sydney. Furthermore, we need to ascertain whether it is a true pathogen or an 
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opportunistic one, i.e., causing disease given certain suitable conditions, such as hosts with 
compromised immune systems. Hosts may become immunocompromised due to infections 
with primary pathogens, and/or as a result of environmental stressors. 
Co-infection with the known bacterial brood pathogens of honeybees, American Foul Brood 
(AFB, pathogen Paenibacillus alvei) and European Foul Brood (EFB pathogen 
Melissococcus plutonius) was excluded in the sick hives studied by Shanks et al, (2017). 
However, Sacbrood virus (SBV), also a known cause of brood death in honeybees (Bailey, 
1968), was not investigated. Therefore, SBV might be a cause of brood death in stingless 
bees as either a primary or co-infection and should be investigated. 
Major immunocompromising stresses, such as exposure to agrochemicals, poor nutrition and 
co-infections, can occur in hives used for commercial pollination (Alaux et al, 2010, 
Brodschneider & Crailsheim, 2010, Cornman et al, 2012, Foley et al, 2012, Genersch, 2010, 
Granberg et al, 2013, Di Pasquale et al, 2013, Vojvodic et al, 2012). Opportunistic pathogens 
can emerge from among normally harmless, commensal symbionts. Alternatively, they may 
stem from microbes acquired from the host’s external environment. In either case, 
opportunistic pathogens can evolve into specialised pathogens (Bäumler & Fang, 2013). 
Specialised pathogens can cause disease in healthy individuals, either through acquisition of 
virulence genes (Tenaillon et al, 2010, Gal-Mor & Finlay, 2006) and/or through point 
mutations resulting in a more virulent phenotype (phenotypic evolution) (Anttila et al, 2015, 
Sokurenko et al, 1999, Packey & Sartor, 2008).  
These knowledge gaps about the nature of stingless bee diseases and the risks involved are 
causing concerns among stingless beekeepers, especially those providing large numbers of 
hives for pollination services. The present study was undertaken to elucidate the nature of this 
brood disease and to investigate its incidence and distribution. To do this, I sampled brood 
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and foraging bees from both healthy and sick stingless beehives. I sampled hives owned by 
amateur beekeepers referred to hereafter as “hobby hives”, and from those used in 
commercial pollination services from North-Eastern New South Wales and South-Eastern 
Queensland (the two main areas of stingless beekeeping for commercial pollination), referred 
to hereafter as “commercial hives”. I tested for the presence of both L. sphaericus and SBV.  
To determine the presence of L. sphaericus and SBV in stingless bee samples, I developed 
species-specific Polymerase Chain Reaction (PCR) assays. To investigate if the disease was 
associated with a specific strain of L. sphaericus, I used multi-locus sequence typing (MLST) 
to characterise isolates. My aims were to determine whether the disease affects the main species 
and areas involved in stingless beekeeping, and whether a single strain is responsible for the disease. 
Methods 
Sampling of hives and bees 
Hives were sampled from North-Eastern New South Wales and South-Eastern Queensland to 
(1) establish if the disease was a localized phenomenon in the Sydney region, and (2) to 
concentrate on regions where stingless bees are commonly used for commercial pollination, 
and therefore where the findings will have important implications. 
Samples were collected to test if Lysinibacillus infection occurred more frequently in hives 
under stress. To test this, I assumed that commercial hives were more likely to be stressed 
and therefore more likely to be “sick” (Sharpe & Heyden, 2009, Meixner, 2010, Huang, 
2012, Wu et al, 2011, Williamson & Wright, 2013, Vidau et al, 2011) than hobby hives. Ten 
hives were selected at random for sampling from each of three large commercial beekeepers, 
operating in Byron Bay, New South Wales (28.8 S, 153.58 E), Kin Kin, Queensland (26.27 S, 
152.86 E) and Mount Perry, Queensland (25.18 S, 151.66 E), giving a total of 30 hives. Bees 
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were also sourced from 20 hobby hives from suburban properties in locations near Brisbane, 
Queensland (26.265 S, 152.86 E) and Bangalow, New South Wales (28.68° S, 153.52° E ). 
Prior to sampling, I recorded the numbers of foragers exiting from the hive per minute. Ten 
foraging bees were collected per hive and pooled to form one sample per hive for disease 
screening. If the beekeeper was splitting the hive for colony propagation, the condition of the 
brood was noted and photographed, and brood samples were collected. Ten brood cells 
containing late-stage larvae were collected per hive and pooled to form one sample per hive 
for disease screening. Samples from all healthy hives were collected between September and 
October 2016, and samples from sick hives were collected between September 2016 and 
March 2018.  
Hives were categorized as “healthy” if there were ≥30 bees exiting the hive per minute 
(ambient temperature ≥ 20oC in the morning) (Heard, 2016), and discarded larvae were not 
evident around the hive entrance. In addition to the hive samples, I collected from four hives, 
taking individual larvae from sealed brood cells (n =10) and individual foraging adults (n = 
10) from each as they exited. Three hives were in Blaxland, New South Wales, and one in 
Richmond, New South Wales. Only larvae that appeared to be in their late stage of 
development, but prior to pupation, were collected for analysis.  
Hives were considered “sick” if they displayed symptoms of infection with Lysinibacillus, as 
described by Shanks et al, (2017), such as discarding large numbers of larvae, and reduced 
forager activity (defined as ≤	20 bees entering or exiting the hive per minute). Sick hives 
were sought from hobby and commercial beekeepers. Observations of these hives were 
recorded by the beekeeper, along with brief case histories when available. In addition to the 
pooled samples, discarded larvae (n = 10) and adults (n =10) were also collected individually 
from one sick T. hockingsi hive. Healthy larvae were not collected from these hives, as in 
 
31 
some instances when we opened the hive, there were no healthy larvae evident, and, in the 
other sick hives, the beekeeper was reluctant to open the hives in case it stressed them further. 
All bees were anaesthetized in the freezer for approximately 1 h, and then submerged in 
RNAlater® until receipt by the laboratory, where they were frozen at -80oC until processing. 
At the hive level, the prevalence of Lysinibacillus in samples of adult bees and larvae was 
then assessed by molecular testing. To determine if Lysinibacillus infection was associated 
with SBV infection, all samples were also tested for SBV. For quantitation of bacterial loads, 
individual larvae and adults from “sick” and healthy hives were tested. To assess the strain 
relatedness of any bacteria in diseased hives, multi locus sequence typing (MLST) was 
performed. 
DNA/RNA extraction 
DNA and RNA were extracted from whole insects. RNA was used to screen for SBV and 
DNA to test for Lysinibacillus. The RNA later® buffer was removed by wiping the bee with 
a paper tissue. The bee was then placed in a micro centrifuge tube containing lysis buffer 
ISOLATE II RNA mini Kit (Bioline https://www.bioline.com/), 20µl of proteinase K 
(Bioline), and a stainless-steel bead. Tubes were then placed in a TissueLyser II (Qiagen 
https://www.qiagen.com/au/) adapter set and lysed for 3 min at 30Hz. The adapter was then 
rotated and operated for another 3 min at 30Hz. The homogenate was incubated at 56oC for 1 
h, and then split into two portions. One portion underwent RNA extraction using the 
ISOLATE II RNA mini kit (Bioline) and RNA was eluted in 60 µl Nuclease-free water. The 
second portion underwent DNA extraction using the ISOLATE DNA kit (Bioline). DNA was 
eluted in 200 µl H2O. A Nanodrop spectrophotometer (Nanodrop Technologies, Oxfordshire, 
UK) was used to confirm successful extraction of nucleic acids. Samples were then stored at -
20oC until tested.  
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Molecular testing  
Primers and probes for the molecular testing were designed using Partzyme technology 
(Mokany et al, 2009) supplied by SpeeDx (Redfern Sydney, New South Wales, Australia).  
The amplification mixture and thermocycling conditions were according to the 
manufacturers’ instructions. The analytical sensitivity and specificity for each assay was 
tested according to the guidelines of Bustin et al, (2009). To confirm the experimental 
specificity of the primers, amplicons were purified with the Wizard SV Gel and PCR Clean 
Up kit (Promega, Madison, WI, USA), and sequenced with Sanger sequencing (Sanger & 
Coulson, 1975) at the university in-house facility using the forward and reverse PCR primer.   
The detection and quantification limits of the qPCR were determined using a gBlock® 
(Integrated DNA Technologies Inc., www.idtdna.com) containing the sequence of the 
predicted amplified product flanked by human DNA sequences. The gBlocks® were 
quantitated using the GNAS Kit (SpeeDx Pty. Ltd, Eveleigh, New South Wales, Australia). A 
standard K562 Human genomic DNA fragment was serially diluted in 10-fold dilutions. The 
standards were run in triplicate to produce a standard curve. A dilution of the gBlock® was 
run in triplicate. The concentration of the amplicon was extrapolated from the standard curve.  
From this, stock dilutions containing 10 to 100,000 copies per reaction were prepared through 
serial dilutions in rabbit plasma. These stock solutions were used to establish the limits for 
absolute quantification.  
The limit of detection was determined by two-fold dilutions of the quantifiable limit, run in 
triplicate. The limit of detection was assigned to the lowest dilution detected in all three 
replicates. 
PCR for L. sphaericus 
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The primers and probes were designed to amplify a 174bp fragment, targeting the 16s RNA 
gene of L. sphaericus (NCBI GenBank KF84326A; Appendix A). To ensure the sensitivity 
and specificity of the primers and probes I performed an in-silico analysis against known 
toxigenic and non-toxigenic strains of L. sphaericus as well as against closely related species 
such as L. fusiformis. This revealed that while the primers and probes aligned to all the strains 
of L. sphaericus, they also aligned to L. fusiformis (Appendix B). Hence, the PCR assay 
could not distinguish between these closely related species.  
Quantifiable range and detectable limits L. sphaericus qPCR assay 
The linear regression analysis is Ct = -3.6379 * log (copies per reaction) + 38.228: R² = 
0.9952:  The quantification range is 102 to 108 copies per reaction (Figure 2-1). The limit of 
detection was determined as 25 DNA genome copies per reaction.  
 
Figure 2-1 Graph quantification range of L. sphaericus qPCR assay. Analysis of quantitation cycle (Ct) (Y-
axis) vs. Log (10) copy number (X-axis) 
Reverse Transcriptase (RT)- PCR for Sacbrood virus (SBV) 
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Primers for SBV were designed to amplify a 297-base pair (bp) fragment within the capsid 
gene internal to the published primers of Grabensteiner et al, (2001; Appendix A).  The in-
silico analysis revealed the assay to be specific to SBV (Appendix B).  
Quantifiable range and detectable limits Sacbrood virus RT-qPCR 
The regression analysis of the standard curve is Ct= -4.4861*log (copies/ reaction) + 38.213:   
R² = 1.0. The dynamic range is 102 to 108 copies per reaction (Figure 2-2). The limit of 
detection was determined as 50 DNA genome copies per reaction. 
 
Figure 2-2 Graph quantification range of SBV RT-qPCR Analysis of the quantitation cycle (Ct) (Y-axis) vs. 
Log (10) copy number (X-axis) 
 
PCR for beta-actin gene 
I used the Beta-actin gene as a control reaction to test for sample inhibition, setting an 
arbitrary minimum threshold of 25 cycles for a positive signal to be detected by the 




Molecular characterization of L. sphaericus 
To compare strains of Lysinibacillus obtained from the infected hives with each other and 
with those reported previously (Shanks et al, 2017), MLST was performed on the pooled 
samples of 10 bees according to Ge et al, (2011). Six housekeeping genes were used for the 
analysis. These were, adk (adenylate kinase), ccpA (catabolite control protein A), pycA 
(pyruvate carboxylase), glyA (serine hydroxymethyl transferase), glcK (glucose 6- phosphate 
kinase) and glpF (glycerol uptake facilitator protein) (Ge et al, 2011). 
The PCR reactions were made in a final volume of 20 µl containing 5 µl of sample DNA, 1 
µl of forward and reverse primer (10mM), 10 µl of Plex master mix (Bioline), and 3 µl of 
H2O. Thermocycling conditions were as follows: 95 °C for 2 min; 40 cycles of 95 °C for 15 s 
and 52 °C for 60 s. All experiments were performed on the MIC, supplied by Bio Molecular 
Systems (Australia). The PCR assays were performed using a commercial kit supplied by 
SpeeDx according to the manufacturer’s directions (Appendix E). All experiments were 
performed on the magnetic induction cycler (MIC; Bio Molecular Systems V2.4.0). 
The MLST PCR products were visualized by gel electrophoresis and inspection under UV 
light, then cleaned by Wizard® SV Gel and PCR Clean-Up System (Promega) and sequenced 
in-house. The DNA sequences were compiled and aligned using MEGA7 (Tamura et al, 
2011). The sequences of the MLST loci were aligned with sequences of the two available 
housekeeping genes (adk and ccpA) of eight previously characterized L. sphaericus isolates, 
four toxic (ST-2, ST-4, ST-5, ST-9) and four non-toxic (ST-3, ST-7, ST-8, ST-17) to 
mosquitoes (Ge et al, 2011). Multiple nucleotide alignments were created by the Clustal 
program within MEGA7. Pairwise nucleotide tables were generated in Clustal Omega version 
2.1 (Sievers et al, 2011). 
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The evolutionary history was inferred using the neighbor-joining method (Saitou & Neil, 
1987).  The trees are drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. All ambiguous positions were 
removed for each sequence pair (pairwise deletion option).  
 
Results 
Sample collection  
For T. carbonaria, I sampled 13 hobby hives and 23 commercial hives, located Byron Bay, 
New South Wales (28.8 S, 153.58 E), Kin Kin, Queensland (26.27 S, 152.86 E) and Mount 
Perry, Queensland (25.18 S, 151.66 E). For T. hockingsi and A. australis Kin Kin, 
Queensland (26.27 S, 152.86 E) and Mount Perry, Queensland (25.18 S, 151.66 E). I sampled 
five of each and two of each, respectively.  
“Sick” hives 
Ten hives displaying symptoms of infection with Lysinibacillus as described by Shanks et al, 
(2017) were identified by hobby apiarists. Only one hive was identified as sick by a 
commercial beekeeper, but it was not a hive used for commercial pollination. The hobby 
hives comprised five hives of T. carbonaria (three from inner-city suburbs of Sydney (New 
South Wales) and two from suburbs in Brisbane (Queensland), as well as five hives of T. 
hockingsi (four from suburbs in Brisbane, and one from Kin Kin, Queensland). 
Beekeeper’s observations of “sick” hives 
From the case histories, beekeepers reported that prior to the large-scale dumping of larvae 
(see Appendix C), each hive was foraging well, and foragers were collecting pollen 
(indicating brood production). The onset of larval dumping (Figure 2-4) began abruptly and 
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involved 20-50 larvae per day for approximately 2-3 weeks, although in some cases lasting 
for 2-3 months. The initial larvae to be discarded were white, but later larvae were brownish. 
The number of discarded larvae gradually decreased to virtually zero over a period of 
months. Most hives eventually recovered. In hives that succumbed to the disease, large 
numbers of larvae continued to be discarded until the colony succumbed to other hive pests. 
Some beekeepers reported repeated episodes of the disease in the same hives. See Appendix 
C for beekeeper’s accounts. 
 
Figure 2-4 Diseased T. hockingsi larva being removed from the hive 
 (photograph provided by Ron Ward) 
 
Assay results 
Of the 40 healthy hives sampled (20 hobby and 20 commercial hives), none tested positive 
for Lysinibacillus. Thus, it was not possible to test for a correlation between L. sphaericus 
infected hives and commercial pollination services. However, Lysinibacillus was detected in 
all 10-sick hives, but only in discarded larvae, not in adults. In addition, SBV was not 
detected in any hive, so no correlation was established between L. sphaericus infection and 
SBV infection. The Lysinibacillus load in an infected T. hockingsi larva averaged 3x103 (SE 
1x103) copies per ng of extracted DNA. 


















D) Partial GlpF gene. The analysis involved 8 nucleotide sequences with 633 bp in the final dataset.  
 
 
E) Partial glcK gene. The analysis involved 7 nucleotide sequences with 633 positions in the final dataset. 
Figure 2-5 Neighbour-Joining trees MLST NJ trees were constructed in MEGA7 using 500 bootstraps for A) 
adk, B) ccpA, C) glyA, D) glpF and E) glcK. A) Non-toxigenic strains are in black text, toxigenic are in red, 
Shanks et al.’s (2017) sequences are in purple and the strain in this work is in blue text. 
 
Discussion 
The aims of this chapter were to gain insight into whether SBD affects the main stingless bee 
species and areas involved in stingless bee keeping, and whether a single strain  of L. 
sphaericus is responsible for disease.. To do this I tested and compared the prevalence of 
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disease in “healthy” and “sick” brood and adults sourced from different locations (New South 
Wales and Queensland), and exposed to different stressors (commercial and hobby hives). I 
also sampled three different species of stingless bee (T. carbonaria, T. hockingsi and A. 
australis).  
The DNA sequences retrieved from all infected hives differed from the MLST sequences of 
the originally reported strain (Shanks et al, 2017) by only one of 1,568 nucleotides of the 
overlapping regions. Shanks et al, reported an additional 80 bp in one of the regions that did 
not overlap with our results, so it is possible that there were more differences. Nevertheless, 
the close match that we found is significant because positive samples were obtained from 
widely distributed sites, up to approximately 1000 km apart. Furthermore, SBV was not 
detected in any of the samples, reinforcing the role L. sphaericus as a primary pathogen. All 
colonies sampled were within the known distribution of these species. However, colonies in 
hives, especially those in hobby hives, may have originated from commercial stingless bee 
suppliers, and thus from a more restricted pool and distribution than the data suggest. 
Furthermore, only managed hives were sampled. The incidence of the disease in wild 
colonies is unknown. Nevertheless, this finding indicates that this pathogen has a wide 
distribution in managed stingless bees in eastern Australia.  
The lack of sequence diversity obtained from the ten sick hives indicates that infection may 
be restricted to a single specialised strain of L. sphaericus (Gómez-Garzón et al, 2016, Nei et 
al, 1975). As this strain was absent from all healthy hives in the study (n = 50), and from all 
adult bees, it is unlikely that infection arose from the commensal gut flora. Instead, the 
foraging adults may be carrying the pathogen into the hives from somewhere in their local 
environment, rather than the disease spreading from hive to hive. If so, this implies that 
destroying an infected colony may not be the best method of controlling the disease. If the 
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source of the problem remains in the location, destroying or quarantining an infected hive 
would do little to prevent future hives from contracting the disease when later established in 
the same area. 
By contrast, the common honeybee bacterial brood pathogens, American Foul Brood (AFB) 
and European Foul Brood (EFB) can only replicate within bee larvae. The ultimate source of 
an AFB or EFB infection in one hive must therefore be another hive.  Adult bees can become 
contaminated with viable spores of these diseases while removing diseased larvae or when 
robbing honey from infected colonies, and these spores can be readily detected on foraging 
honeybees (Bailey et al, 1968, Belloy et al, 2007, Forsgren, 2010, Lindström et al, 2005), 
suggesting that adult foragers spread from colony to colony. Because the reservoir for 
infection is diseased hives, management of these brood diseases requires destroying diseased 
hives that have AFB (Somerville, 2015) or treatment with antibiotics, for EFB (Bailey et al, 
1968, Budge et al, 2015). 
In this study, T. hockingsi colonies were also recorded with Shanks Brood Disease (SBD) and 
associated L. sphaericus, bringing the known number of host species to three, since it has 
been previously reported in T. carbonaria and A. australis (Shanks et al, 2017).  This 
suggests that L. sphaericus is likely to be a generalist pathogen of stingless bees.  
In the present study, the bacterium was detected only in discarded larvae from sick hives, 
although Shanks et al, (2017) reported isolating L. sphaericus from brood provisions and 
honey stores, as well as larvae. It is perhaps surprising that I could not detect L. sphaericus in 
any foragers, given that at least some of them remove diseased larvae from the colony and 
dismantle cells. Perhaps the physical conditions, such as pH or the microbiome in the 
segmented adult gut, do not allow L. sphaericus to multiply. However, Lysinibacillus is able 
to multiply in the soil (Ahmed et al, 2007, Massie et al, 1985), aquatic habitats (Guerineau et 
 
46 
al, 1991, Ludwig et al, 2009) and in plant material (Melnick et al, 2011) and thus may be 
introduced into a hive by foraging bees via soil-contaminated pollen or nectar used to 
provision the brood cells. Thus, how this strain of Lysinibacillus enters the hives needs 
clarification. As I was unable to detect Lysinibacillus from infected hives by exiting bees, this 
suggests that the disease is not spread in the same manner as AFB or EFB, but it cannot be 
ruled out entirely. In my methodology, I soaked the foraging bees in preservative solution 
(RNAlater) and washed the bees in water before processing. This might have removed 
bacteria or spores present on the exterior of the foraging bees. In hindsight, this was a 
limitation of the study, and is worthy of further investigation. 
If Lysinibacillus enters the hive via contaminated pollen by foragers, it would probably 
require a very large screening program to detect this, as the focus would need to be on bees 
entering healthy hives. From an epidemiological viewpoint, assuming that the pathogen is 
entering from an external source, the incidence of disease may fluctuate due to factors such as 
rainfall and temperature (Turner et al, 2013).  
I assumed that commercial hives were experiencing more stress than hobby hives. This 
assumption seems reasonable for a range of reasons (Taric et al, 2019). In particular, 
commercial hives are more frequently relocated, potentially exposed to agrochemicals, and 
kept in large numbers in a single location. Furthermore, moving hives around gives more 
chance to encounter an infection source. The lack of SBD-symptomatic hives reported by 
commercial beekeepers may have been due to them not being able to readily detect these 
symptoms.  Hobbyists with one or two hives may be more aware of their hives’ activity and 
hence likely to notice the symptoms of SBD.  
Conversely, hobby hives are kept in situ, and thus may be more susceptible to prolonged 
foraging on a contaminated source. Hence, hobby hives may be more at risk of SBD than 
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commercial hives. Interestingly, hobby hives co-located with sick hives did not all show 
signs of SBD. This is potentially an important finding if it implies little or no risk of hive-to-
hive transmission. To be sure, stingless bee foragers from one hive sometimes stray into 
others, and so could in principle transmit SBD. Moreover, Oliveira et al, (2021) found such 
drifting to be common, with 65% of the Brazilian stingless bees (Melipona fasciculata) in 
that study having drifted to nearby hives at some point. However, experimental manipulations 
suggest that T. carbonaria are highly sensitive to the presence of non-nestmates, with the 
entry of about 20 foreign foragers per hour triggering a defensive swarm (Gloag et al, 2008). 
Perhaps for this reason, Stephens (2017) reported no significant worker drift among naturally 
occurring colonies of T. carbonaria. If substantial drifting between hives is rare in T. 
carbonaria, curtailed by vigorous defence mechanisms, then this is consistent with the 
interpretation that there is perhaps little prospect of hive-to-hive transmission of SBD. 
Another issue is whether Lysinibacillus infections are a by-product of husbandry, occurring 
only or mainly in man-made stingless bee structures. Such hives may be more susceptible to 
temperature fluctuations and/or located in positions not of the colony’s choosing, forcing 
foraging on sub-optimal food sources. Testing this hypothesis is problematic, because 
detecting diseased colonies in wild nests is difficult. Nevertheless, for the efficient 
management of stingless bees in commercial pollination, husbandry factors including hive 
design and thermodynamic properties should remain an ongoing area for research and 
development. 
The findings reported in this chapter indicate that Lysinibacillus is a widely distributed, but 
apparently not highly abundant, pathogen of managed stingless bees in New South Wales and 
Queensland. These two states have the most hobby and commercial stingless beehives in 
Australia. This study did not definitively establish how the disease is transmitted in the field 
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and/or if immunosuppression is a contributor to disease. Additionally, the virulence 
mechanism of the pathogen is yet to be determined. Nonetheless, an infected hive is an 
indication of a contaminated environment, and a possible risk to co-located hives. More 
detailed disease surveys to collect epidemiological data may reveal the true prevalence of this 
disease and its impact on hive losses. These are important questions to be answered if we are 
to support our stingless bees as valuable pollinators which may require studies with larger 
sample sizes. The numbers of hives sampled in this study were constrained by time and 
funding. Sampling larvae from hives is a destructive process which poses risks and stresses to 
the hive. Consequently, in carrying out sample collection in this study, we learned beekeepers 
are reluctant for brood samples to be collected. Volunteering of samples in this study was 
based on their uncompensated goodwill for these inherent costs. Future studies with more 
funding could gain a more comprehensive understanding of disease patterns among stingless 


















The health of many species depends partly on symbiotic relationships with microorganisms in 
or on their bodies. In the honeybee, a core microbiome (i.e., collection of microbe varieties in 
the gut) is thought to provide many crucial functions for the host insect. This is because 
healthy honeybees all show a similar set of microbes while unhealthy honeybees appear to 
host greatly reduced microbial diversity. I hypothesised that a core microbiome might 
similarly exist in stingless bees and become altered by disease. I compared the microbiome of 
larvae and adults from “sick” (n = 4) and “healthy” hives (n = 4) using amplicon sequencing 
for bacteria (16S RNA) and fungi (ITS). In sick larvae, I found Lysinibacillus had drastically 
displaced the “normal” microbiome of healthy bees. Analysis of the shifted microbiota 
suggests that sick bees have lost an important symbiotic function of the microbiome to 
metabolise sugars and prevent pathogen colonisation. Additionally, the diversity of the fungal 
microbiome was higher in diseased larvae. Despite these striking differences, I was unable to 
describe a consistent core microbiome in healthy adult stingless bees. Instead, the bacterial 
microbiome of healthy adults varied considerably between hives from different locations, 
indicating that the bacterial microbiome of stingless bee foragers, unlike honeybees, has great 
flexibility. This is the first study to analyse the potential functioning of the stingless bee 
bacterial microbiome using amplicon sequencing and how this varies in association with 
Lysinibacillus infection.  
 
Introduction 
In the European honeybee (Apis mellifera), a core microbiome of specialised symbionts has 
been identified, consisting of less than 10 key bacterial phylotypes (Bonilla-Rosso et al, 2018, 
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Kešnerová et al, 2017, Kwong et al, 2014, Matinson et al, 2012, Zheng et al, 2017). The 
dominant core bacteria are Snodgrassella alvi, Gilliamella apicola, and certain Lactobacillus 
strains (Moran, 2015). These core microbes are extremely specialised and are not usually 
found outside of bee guts or the hive environment (Kwong et al, 2014, Matinson et al, 2012, 
Zheng et al, 2017). Previous studies of the core microbiome of honeybees provide details of 
important functions that these microbes perform, such as carbohydrate metabolism, immune 
gene expression and protection against pathogens (Raymann & Moran, 2018). The honeybee 
core microbiome is acquired by newly eclosed bees from their nestmates and inherited from 
mother to daughter hives (Martinson et al, 2012, Schwarz et al, 2016).  
By contrast, we know very little about the stingless bee microbiome and the functions it 
provides. Kwong et al, (2017) argue for a core microbiome of corbiculate bees that is less 
precise than that of honeybees but still has some conserved features like Lactobacillus and 
Acetobacter. As with other corbiculate bees, a core microbiome may likewise exist in the 
stingless bee, Tetragonula carbonaria. Knowledge of the core microbiome is important for 
two reasons. First, disorders of the microbiome may correlate with changes in bee health 
(Hsiae et al, 2013, Moloney et al, 2014, Yu et al, 2017); and second, reinstating a missing 
microorganism may restore health (Alberoni et al, 2018, Duncan & Flint, 2013, Kristensen et 
al, 2016).  
One method of exploring the interactions of key members of the microbiome is through 
assessing alterations (termed dysbiosis) caused by targeted agents such as antibiotics and 
correlating them with the health of the host (Kakumanu et al, 2016, McFrederick et al, 2014, 
Raymann et al, 2018). Another way is through any dysbiosis observed in naturally occurring 
disease states (Arredondo et al, 2018). By comparing the identities and abundance of 
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bacterial and fungal taxa in “sick” and “healthy” hosts, the interaction between the normal 
microbiome and the pathogen can be assessed.  
Differences in the core gut microbiome of honeybees and stingless bees might reflect 
differences in their susceptibility to disease (Menegatti et al, 2018). For example, honeybees 
are known to host two major bacterial brood diseases, Paenibacillus larvae (American 
foulbrood or AFB) and Melissococcus plutonius (European foulbrood EFB). While AFB has 
yet to be reported in stingless bees, EFB has recently been reported in diseased brood in 
stingless bees in Brazil (Teixeira et al, 2020). Meanwhile, Shanks Brood Disease (SBD), 
caused by a strain of Lysinibacillus sphaericus, has been identified in stingless bees (Shanks 
et al, 2015), but does not appear to be a pathogen in honeybee larvae (Davidson et al, 1977). 
Thus, stingless bees and honeybees seem to be differently affected by at least some brood 
diseases. Due to the different susceptibilities of honeybees and stingless bees to these brood 
diseases, it is likely that differences also exist between their core microbiomes. 
The purpose of this study was to determine whether healthy stingless bees have a 
characteristic gut microbiome that is different from sick stingless bees. I focused on 
comparing the microbiome of healthy T. carbonaria stingless bees with those suspected to be 
infected with SBD. In “sick” hives, infected larvae are detected by nurse bees and discarded 
from the hive. Brood that are removed appear to be in a late developmental stage perhaps 
indicating that arrested development (i.e., failing to pupate) is the signal that nurses react too. 
When infected, the foraging behaviour of adult bees is reduced (Shanks et al, 2017). I 
hypothesised that the interaction of this bacterium with the normal stingless bee microbiome 
causes a dysbiosis in both larvae and adults, that influences bee metabolic functioning. I 
used amplicon sequencing to compare the bacterial (16S) and fungal (ITS) microbiome of 
larvae and adults from diseased and “healthy” T. carbonaria hives with the aims to: 
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1. Detect differences in the microbiome of T. carbonaria larvae and adults 
associated with Shanks Brood Disease. 
2. Correlate any resulting dysbiosis with potential losses of metabolic functions 
provided by the microbiome. 




I compared larvae and adults from five T. carbonaria hives infected with L. sphaericus 
(hereafter “sick”) and from four “healthy” hives1. Unfortunately, healthy larvae from the sick 
hives were not collected for comparison because owners of the hives were reluctant to have 
their valuable hives subjected to further stress. In any case, where owners did allow us to 
open their hives for sample collection, we could not discern any remaining healthy larvae. 
Where larvae were collected, only those appearing to be in the late stage of larval 
development were used in analysis. 
Because just a few individual bees do not always provide enough extracted DNA for viable 
analysis, for some hives I pooled extracts from up to ten bees. From three sick hives, I 
collected and pooled samples of sick larvae (n =10 larvae per pooled sample per hive) and 
sick adults (n =10 adults per pooled sample per hive). Two of the sick hives were in Vaucluse 
(Sydney, New South Wales) and Manly (Sydney, New South Wales). The third sick hive was 
in Brisbane, Queensland (hive 8, Table 3-1). From a fourth sick hive, locating at an inner-city 
suburb in Brisbane, Queensland, I collected individual larvae (n = 9) for testing. All the 
 
1 These sick hives were PCR tested (see Chapter 2) and found positive for L. sphaericus. They were originally 
identified as sick by hobby beekeepers noticing large numbers of discarded larvae near the hive entrance. The 




2000xg for 10 minutes. The aqueous phase (500μl) was then collected into a new Eppendorf 
tube. The DNA was precipitated using 50μl of 3M sodium acetate (pH 5.2) and 1ml of 100% 
ethanol and stored overnight at -20oC. The samples were spun at 4oC at 2000×g for 10 
minutes to pellet precipitated DNA. The tubes were then inverted to remove the top phase. 
Finally, the DNA pellet was washed twice with 80% ethanol before being suspended in 
RNase free water.  
Shanks Brood Disease testing 
To confirm the presence of Lysinibacillus in the sick larvae, all samples underwent species-
specific PCR and multi locus sequence type (MLST) typing (Chapter 2). Lysinibacillus could 
only be detected in the individual and pooled sick larvae samples; all these samples contained 
the MLST associated with Shanks Brood Disease.  
Microbiome profiling 
The DNA underwent further processing at the NGS Illumina facility (Western Sydney 
University) to construct both 16S and ITS libraries. 16S amplicon sequencing was used to 
characterise the bacterial communities using the universal 16S primers 16S 341F/805R for 
library construction. ITS amplicon sequencing to characterise the fungal communities was 
performed using ITS fITS7/ITS4 primers. The DNA concentrations of libraries were 
normalised and run on a Miseq machine. 
Data acquisition and analysis 
The generated 2×300bp paired-end sequence files (FASTA) were uploaded onto Nephele on-
line software (Weber et al, 2018) for processing. The Nephele software offers quality analysis 
of raw reads and phylogenetic analysis of both 16S and ITS data.  
The QIIME v1.91.1 (Caporaso et al, 2010) pipeline was chosen to generate 16S (level 6), and 
ITS (level 6) annotated abundance tables. The sequence data were quality filtered using 
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default parameters. Sequences that are at least 99% similar were clustered using UCLUST 
algorithm into Operational Taxonomic Units (OTUs) and annotated against the May 2013 
release of the SILVA database. Reads annotated as Cyanobacteria were removed from the 
resulting taxonomic table before data analysis to avoid bacteria associated with plant 
material2. ITS sequences were clustered using 97% similarity, with the resulting OTUs 
annotated using the UNITE database. The 16S and ITS generated rarefaction curves were 
examined and samples that did not reach the plateau phase were excluded from further 
analysis. Grouped relative abundance tables were generated using the sums of the individual 
samples and restricted to the ten most abundant taxa. 
Predictive functioning of the bacterial microbiome 
Within Nephele, the Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt: Langille et al, 2013) software was used to determine the 
bacterial microbial functioning within a community. Based on the 16S abundance tables 
using hierarchical functional tables are constructed using Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States (PICRUSt). PICRUSt is a software 
package which uses an extended ancestral-state reconstruction algorithm to predict which 
gene families are present and then combines gene families to estimate the composite 
metagenome. The functional categories have different levels from the most basic (Level 1:  
Metabolism, Genetic information and processing, Environmental information processing, 
Cellular processes, Organismal systems, Human disease and drug development) to the most 
specific (Level 3). For example, Metabolism (Level 1), Carbohydrates (Level 2), and sucrose 
 
2 It is routine to remove sequences that are obviously from unwanted sources, such as cyanobacteria and 
mitochondria (e.g., see methodology section of Marizzoni et al., 2020), because these are not part of the 
functional microbiome and obscure interpretation of the abundance data.  
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metabolism (Level 3). However, although PICRUSt is a key tool for studies of microbial 
communities, it does not provide direct evidence of a community's functional capabilities. 
Of the Level 1 categories, only Metabolism, Genetic information and processing, 
Environmental information processing, and Cellular processes, were used for analysis, as the 
other two categories (Organismal systems, Human disease and drug development) were 
deemed not relevant.  
Data filtering and normalisation 
The taxonomic and functional abundance profiles generated from Nephele were imported 
into MicrobiomeAnalyst (Chong et al, 2020, Dhariwal et al, 2017), where data filtering, 
normalisation and statistical analysis were performed. Data filtering consisted of removing 
low prevalence reads (< 2%) and low count numbers (< 10). Data normalisation was 
performed by rarefying the data to the minimum library size. Data transformation was 
performed using the centred log-ratio (CLR) method. Data scaling was not performed. 
Rarefaction curves were generated on the filtered data (Figure 3-1). The Good’s coverage 
number (Good, 1953) was calculated within the software, indicating (>99%) adequate sample 





Figure 3-1 Rarefaction curves A) 16S B) ITS. Generated on the filtered data in MicrobiomeAnalyst rarefied to 
the lowest library size (1000bp). Healthy adults from hives located in Blaxland (HAB), healthy adults from hives 
located in Richmond (HAR), adults from sick hives (SA), combined larvae from healthy hives in Blaxland and 
Richmond (HL) and larvae from sick hives (SL). 
Data analysis of microbiome composition  
Taxonomic profiling was first performed at the community level. Filtered read numbers were 
used to calculate the following. The Alpha-diversity (taxon diversity per sample) was 








The bacterial microbiomes of sick and healthy larvae differed according to all three Beta-
diversity distance measures; notably, the microbiomes of sick larvae were very similar to 
each other, while those of healthy larvae varied more. This resulted in the sick larvae 
displaying a distinctive bacterial microbiome profile (R=1.000) (Figure 3-3, Table 3-5). 
 
Figure 3-3 16S NMDS plot 16S beta-diversity profiling. Distance Method: Bray-Curtis Index .16S. Healthy 
adults from hives located in Blaxland (HAB; n = 6), Healthy adults from hives located in Richmond (HAR; n = 
5), adults from sick hives (SA) (n = 3 individuals, n = 3 pooled*) combined larvae from healthy hives in 
Blaxland and Richmond (HL; n = 7), and larvae from sick hives (SL; n = 9 individuals, n = 3 pooled*). Number 
of individuals= n. Pooled sample consisted of 10 individuals per hive. n = pooled*. Total number of hives 













The lower bacterial diversity in sick larvae was due to the very high abundance of 
Lysinibacillus, comprising 99-100% of the total reads (Figure 3-5, Table 3-7) (p <0.001). 
Interestingly, the same OTU was detected in five out of seven healthy larvae, but at very low 
frequency. In fact, this frequency was so low that its presence could not be confirmed by 






Agaricomycetes <0.001 0.004* Higher in SL 
Statistically significant results are marked with an asterisk*. Significance p≤ 0.05 
 
The higher fungal diversity in sick larvae was due to the relatively high abundance of 
Basidiomycota taxa (9% to 26%), and low abundance of one OTU from the phylum 
Ascomycota, in the class Leotiomycetes that was common in healthy larvae. The 
Leotiomycetes OTU averaged 77% of total reads in healthy larvae, but only 25% in sick 
larvae. A BLAST search of the Leotiomycetes OTU (length 261 bp) showed the closest hits 
were to Lophodermium nidis (GenBank MG877550, coverage = 100%, identity = 74 %, E 
value = 10E-6), which is a fungus associated with plants (particularly pines). 
 
Adults 
The relative abundances of bacteria in healthy adult stingless bees differed by location. In 
healthy adults from Richmond (HAR), Lactobacillus comprised close to 99% of the total 
reads (p = 0.04) (Figure 3-6). However, in healthy adults from Blaxland, the bacterial 
microbiome was dominated by genera within the Alpha (Genus: Ochromobactrum, 
Rhodospirillales) and Beta (Genus: Delftia, Ralstonia) Proteobacteria phyla. In contrast, the 
sick adults were dominated by Gamma Proteobacteria (Genus: Carnimonas, Pantoa) (Figure 





Figure 3-6 Stacked bar chart grouped abundance profile from sick and healthy adults A) 16S profiling: 
Healthy adults from hives located in Blaxland (HAB; n = 6), Healthy adults from hives located in Richmond 
(HAR; n = 5), adults from sick hives (SA) (n = 3 individuals, n = 3 pooled*, n =3). B) ITS profiling: Healthy 
adults from hives located in Blaxland (HAB; n = 7), Healthy adults from hives located in Richmond (HAR; n = 
3), adults from sick hives (SA) (n = 3 individuals n = 3 pooled*). Number of individuals= n. Pooled sample 
consisted of 10 individuals per hive. n = pooled*. Total number of hives represented in each sample; HAB=4, 
HAR=1, SA=4, HL=4 and SL=4.  
 
Lysinibacillus was detected in two of the six HAB samples, none of the five adult HAR 
samples, and in two of the seven sick adult samples (n = 7). Again, Lysinibacillus in the adult 





Within this category, the L2 analysis showed the greatest number of genes across all bee 
sample types related to amino acid and carbohydrate metabolism (Figure 3-8). 
 
Figure 3-8 Bar chart of PICRUSt level 2 CARBOHYDRATE potential functioning in healthy stingless 
bees.  
 
For sick larvae, predictive functioning was significantly altered across all four of the Level 1 
categories and 18 of the 22 Level 2 categories. Significant functions relating to the virulence 
of the bacterium, such as cell motility (p <0.001), transcription (p <0.001), and signal 
transduction (p <0.001), were higher in sick larvae. Despite the different bacterial 
communities in sick adults, and in healthy adults from different locations, there was no 









To simplify the L3 analysis, I focused on carbohydrate metabolism. Within carbohydrate 
metabolism, seven of  15 of the metabolic functioning genes in sick larvae were higher and  
four were lower, compared to healthy larvae. The lower functioning was largely associated 
with the metabolism of fructose and mannose (p <0.001), galactose (p <0.001), starch and 






Figure 3-11 Thumb nail boxplots showing carbohydrate metabolism (PICRUSt L3). Healthy adults from 
hives located in Blaxland (HAB; n = 6), Healthy adults from hives located in Richmond (HAR; n = 5), adults 
from sick hives (SA) (n = 3 pooled*, n = 5 individuals) combined larvae from healthy hives in Blaxland and 
Richmond (HL; n = 7), and larvae from sick hives (SL; n = 3 pooled*, n = 9 individual). Number of individuals 
= n. Pooled sample consisted of 10 individuals per hive. n = pooled*. Total number of hives represented in each 




communities, and a shift in the bacterial microbiome in adults from infected hives. I also 
found no clear evidence for a consistent core microbiome in “healthy” hives from two 
different locations. 
The dysbiosis detected in Lysinibacillus infected larvae was extensive, with this pathogen 
comprising 99% of all the bacterial reads. Very low numbers of reads of Lysinibacillus were 
also identified in five healthy larvae (5 out of 7), two sick adults (2 out of 7) and two healthy 
adults (2 out of 11), but could not be validated by qPCR (with a detection limit of 25 copies/ 
reaction). One of the shortcomings of 16S amplicon sequencing is the low taxonomic 
discrimination below the genus level. Hence, while I could confirm the L. sphaericus strain in 
the sick larvae, I could only confirm that the genus Lysinibacillus was present in healthy 
individuals in low numbers. Similarly, I could not confirm that the same pathogenic MLST 
type was present in healthy or sick adult stingless bees. 
In this study, I also found different Bacillus OTUs present in all healthy larvae (x̅ = 5% 
relative abundance). This is the only genus previously demonstrated to be essential for 
stingless bee larval health, in a study of neotropical stingless bees (Machado et al, 1971 as per 
Gilliam 1990), although the nature of its essential role is unknown. While Bacillus species 
may play a role in sugar metabolism (Konig, 2006), preventing pathogen colonisation of the 
gut has been suggested as their universal symbiotic function in gut microbiomes (Hoyles et 
al, 2012, Kumar et al, 2012).  If a key function of Bacillus species is to prevent colonisation 
by pathogens, and this was compromised, the gut could be colonised by potential pathogens 
such as Lysinibacillus (Abriouel et al, 2017, Dillon et al, 2005, Greenberg et al, 1970, Lawley 
& Walker 2013).  
Some Lysinibacillus strains are known to produce secondary metabolites that inhibit the 
growth of a broad range of bacteria and fungi, as well as specific protein substances such as 
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bacteriocins, that hinder the growth of closely related bacteria (Çokmuş et al, 1993, 
Cetinkaya et al, 2003, Hibbing et al, 2010). It is interesting to speculate that these 
bacteriocins could be inhibiting the growth of Bacillus species, allowing the colonisation of 
Lysinibacillus and the displacement of other bacteria. If this proves to be the case, it will 
reiterate the importance of the protective function of Bacillus species in stingless bee larvae.  
Another important finding in this study is the difference in the fungal community in sick 
larvae. While the bacterial community showed much less diversity with Lysinibacillus 
infection, the fungal diversity showed the opposite pattern – being higher in sick larvae. The 
higher diversity was due to more Basidiomycota taxa (9% compared to 26%) and could be 
due to these fungi stepping in to fill nutritional niches arising from the reduced competition 
of the bacterial microbiome (Fraune et al, 2015). Alternatively, the fungi may be breaking 
down dead larval remains. The greater fungal diversity could also be due to a decrease in the 
protective functions of the symbiotic bacterial microbiome, which would usually prevent fungal 
growth (Fraume et al, 2015, Koch et al, 2011, Romani et al, 2014, Ubeda et al, 2017). 
Generally, symbiotic fungi provide fats used in the formation of membrane lipids and sterols 
necessary as hormone precursors for regulating development genes (Douglas, 2015, Gibson 
& Hunter, 2010, Janson et al, 2009). Often in these associations, the fungus does not reside in 
the gut of the insect. Instead, the insect benefits from using the fungus as a food source 
(Borkent et al, 1985, Janson et al, 2010, Heath & Stireman, 2010) and stingless bees have 
been observed actively collecting fungal spores instead of pollen (Menezes et al, 2013). This 
has recently been observed in the stingless bee Scaptotrigona depilis with the yeast species 
Zygosacchomyces (Phylum Ascomycetes; Paludo et al, 2018). Although the yeast was shown 
to produce a sterol essential for pupation (Paludo et al, 2018), this yeast was only detected in 




One fungal OTU was dominant in all larvae from healthy hives across locations and 
accounted for an average of 77% of the total fungal reads. Although it was also present in 
sick larvae, the number of reads was significantly reduced to 25%. A BLAST(n) search of the 
OTU sequence showed a 74% similarity to the genus Lophodermium. Lophodermium is a 
genus of fungi, known to infect the leaves of many different plant families but with a notable 
concentration in the family Pinaceae (pines). In a few cases they are regarded as plant 
pathogens. However, in most cases they are regarded as a symptomless endobiont, feeding on 
dead plant matter. Most pines are pollinated by wind, have cones, and do not have flowers. 
Even so, honeybees and bumblebees have been reported visiting conifer species (Aronne et 
al, 2012, Girard et al, 2012, Moisan-Deserres et al, 2014). As well as visiting flowering 
plants to collect nectar and pollen for food, stingless bees also collect resins for colony 
structures and for defence (Leonhardt & Blüthgen, 2009, Leonhardt et al, 2011) and Pinus 
spp. are a resin-producing species. The abundance of the Lophodermium -like OTU may 
merely reflect differential foraging to suit the needs of the hive at the time the larvae were 
sampled.   
L. sphaericus is unable to break down carbohydrates, so, given its abundance in sick larvae 
samples, infection significantly reduces the ability of the larval gut microbiome to metabolise 
sugars (p = 0), specifically sucrose, mannose, and galactose. The assumption here is that L. 
sphaericus was primarily in the gut. This may not necessarily be so, as whole larvae were 
used for DNA extractions, not just the gut. The pathology of L. sphaericus may be like that of 
Paecinibacillus larvae in AFB. Paecinibacillus larvae infection starts in the midgut but then 
breaks down the gut lining and enters the haemocoel, essentially converting the entire body 
into a bacterial mass. One diagnostic characteristic for AFB is the “loose, ropey contents” of 
the bee larvae (as reviewed by Ebeling et al, 2016). A similar response would account for the 
extremely high levels of L. sphaericus detected in current study. That said, the ability of the 
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microbiome to assist in the breakdown of such sugars may be of fundamental importance to 
bees, particularly those infected with L. sphaericus. Sucrose is a predominant component of 
nectar, while other sugars such as mannose and galactose may also be present. The excessive 
build-up of mannose and galactose is known to be toxic to honeybees (Barker & Lehner 
1976, Johnson 2015, Sols et al, 1960) and this likely also applies to stingless bees, although 
sugar toxicity in stingless bees is yet to be investigated. One of the eight core members of the 
honeybee microbiome (Jeyaprakash et al, 2003, Babendreier et al, 2007, Cox-Foster et al, 
2007), Gilliamella apicola (g-Proteobacteria; Zheng et al, 2016), can break down these toxic 
sugars, and so something present with an analogous function could be relevant to stingless 
bee health.  
Because the discarded larvae were mostly collected by beekeepers, it is not certain whether 
the discarded larvae from the sick hives were alive or dead at the time of collection. This 
means that, if larvae were dead, L sphaericus may be merely acting as a saprophyte (i.e., an 
organism that lives on dead organisms or decaying organic material), rather than an infectious 
agent causing the disease when the animal was alive. It is impossible to decide from our 
results alone which is the case. However, we think that saprophytism is unlikely in this case 
given that Shanks et al., (2015) have shown that L.sphaericus spores act as pathogens in bees, 
using infectivity experiments to confirm Koch’s postulates.  
A surprising finding of the present study was my inability to identify a consistent bacterial or 
fungal core microbiome in “healthy” adult stingless bees. I found a significant difference in 
the bacterial microbiomes of adult bees from Richmond and Blaxland, where all hives had 
been at their current locations for a minimum of two years. This difference was apparent at 
the phylum level. The one hive from Richmond differed primarily in the great abundance of 
Lactobacillus species (Firmicutes), comprising 99% of the total reads and at least 27 OTUs. 
In contrast, the other three hives from Blaxland, were dominated by various Alpha-, Beta-, 
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and Gamma -Proteobacteria, comprising 80% of amplicon sequences. The microbiome of the 
latter hives was remarkably like that of “healthy” larvae, with Delftia 21% (Beta-
Proteobacteria), Ochromobactrum 4% (Alpha -Proteobacteria) and Anaerobacillus 10% 
(Firmicutes) in all individual samples. The microbiome of foragers in the three Blaxland 
hives were very similar and may constitute a localised core microbiome. In this regard, the 
gut microbial community of adult stingless bees was different from that of adult honeybees 
from a range of continents, with eight core members comprising 95%–99% of bacteria in the 
gut (Martinson et al, 2011, Moran et al, 2015, Sabree et al, 2012, Vásquez et al, 2009).  
However, the small number of healthy hives sampled in this study is a major limitation when 
commenting on core microbiome members. 
A lack of a core microbiota has been documented in other insect species such as caterpillars 
(for an extensive review of caterpillars from 15 different families, see Hammer et al, 2017) 
and Drosophila species (Wong et al, 2013). While Leonhardt & Kaltenpoth, (2014) found a 
common OTU corresponding to genus Ralstonia (Beta-Proteobacteria, Burkholderiales; 99% 
similarity to Ralstonia pickettii), and a common OTU of an Acetobacterium species, both 
were absent from the T. carbonaria colonies in this study. It should be noted, however, that 
the Leonhardt & Kaltenpoth (2014) study was done in a different region to the current study, 
approximately 1000km away, with different climate and flora. The variability between and 
among T. carbonaria stingless bee colonies in my study suggests that while the bee guts are 
not colonised by a consistent core, colonisation may still be selective, but depends on the 
specific taxa present in the local environment. Although the bacterial taxa in the stingless bee 
microbiome may vary, the functions they provide to the host may be relatively consistent if 
more than one microbe can perform each essential function, a phenomenon known as 
functional redundancy (Shin et al, 2011, Wong et al, 2013).  
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The difference between adults from sick and healthy hives was less than between sick and 
healthy larvae. This makes sense, as the larvae were symptomatic (i.e., they had clear disease 
symptoms - other larvae in sick hives may have remained healthy); whereas the adults 
collected from sick hives were emerging foragers that were, presumably, healthy enough to 
actively forage. So, there was bias in the samples tested. 
Despite the bacterial diversity in healthy adult stingless bees, a dysbiosis was detected in the 
adults from “sick” hives, but this was not directly due to the abundance of the pathogen L. 
sphaericus. Instead, there was generally more Gamma Proteobacteria (88% of the total 
reads), and a dominance by Carnimonas strains (57% of the total reads). A similar difference 
in Gamma Proteobacteria (although not specifically Carnimonas) has been reported in adult 
honeybees in hives infected with the brood disease AFB caused by P. larvae (Erban et al, 
2017). While these Gamma Proteobacteria may not currently be classified as bee pathogens, 
their greater abundance in microbiomes of unhealthy bees may indicate some pathogenic 
role. Interestingly, the shift in microbiome composition between sick and healthy adults did 
not significantly impact the estimated combined function of the bacterial microbiome in 
terms of carbohydrate metabolism. However, behavioural differences in adult stingless bees 
from infected hives were noted by Shanks et al, (2017) and it remains to be tested whether the 
microbiome shifts in sick adults affect their behaviour.  
In summary, I demonstrated the influence of L. sphaericus infection on the bacterial 
microbiome of larvae and adult stingless bees. Furthermore, the lower relative abundance of a 
Lophodermium-like fungus in sick larvae indicates a close relationship between the bacterial 










Patterns of Black queen cell virus and Nosema infections in 







The prospect of diseases flowing from honeybees to other pollinating insects is an 
increasingly important topic. I hypothesised that the transmission of honeybee viruses to 
stingless bees is more likely in vicinities where the two species are employed simultaneously 
for commercial pollination services. To examine this, I screened stingless bee hives for Black 
queen cell virus (BQCV) and Nosema (a microsporidian disease). I chose to test for BQCV 
because it is Australia’s most prevalent honeybee virus, and to test for Nosema because it is 
reportedly correlated with BQCV infection in honeybees. I sampled 30 stingless bee hives 
(Tetragonula carbonaria) used for commercial pollination and 30 hives (T. carbonaria n = 
27, Tetragonula hockingsi n = 3) from hobby beekeepers in North-Eastern New South Wales 
and South-Eastern Queensland. I detected BQCV in 3/30 hobby hives, but in none of the 30-
pollination hives, providing no support for a link between presence of the virus and 
commercial hive use. Additionally, the BQCV viral loads of infected individual stingless bees 
were far lower than those in honeybees. Although 9/90 individual stingless bees tested 
positive for Nosema, there was no correlation between its presence and BQCV infection. 
Haplotype network analysis of BQCV partial capsid gene sequences revealed a clear 
distinction between viral isolates from Eastern and Western Australia. This suggests that 
these strains have been separate for some time and are not flowing between the two regions. 
However, there was no clustering of sequences from stingless bees; instead, individual 
stingless bee virus sequences were most closely related to local honeybee virus sequences. 






In providing commercial pollination services on a global scale, the importance of honeybees 
cannot be overstated. But there are serious concerns about the ability of honeybees to 
continue to meet global pollination demands, because they suffer from a range of infectious 
diseases (Aizen & Harder 2009, Doublet et al, 2015, Goulson et al, 2015). Other options 
include alternative bee species that are managed in hives and can also be used commercially, 
such as bumblebees and stingless bees. However, using these alternative pollinators may be 
counter-productive if they are susceptible to the same diseases as honeybees. Little is known 
as to whether stingless bees are as at risk from, or even more vulnerable to infectious diseases 
than honeybees.  
In the case of bumblebees, the flow of diseases from honeybees has been investigated to 
some extent. Unfortunately, honeybee viruses are routinely detected in bumblebee species 
(Fung et al, 2018, Fürst et al, 2014, Genersch et al, 2006, Meeus et al, 2011, Meeus et al, 
2014, Peng et al, 2011 Renault et al, 2013, Reynaldi et al, 2013), placing pressures on 
bumblebee health (reviewed by Williams & Osborne, 2009). Similarly, some species of 
solitary bees, used as adjunct pollinators to honeybees, have tested positive for honeybee 
viruses (Melathopoulos et al, 2017, Radzevičiūtė et al, 2017, Ravoet et al, 2014). Thus, the 
sustainable use of certain species of bumblebees and solitary bees working alongside the 
commercial honeybee is questionable.  
Stingless bees are also attractive as alternatives to, or complementary pollinators with, 
honeybees, because they come in a large variety of species and have a pantropical 
distribution (Azmi et al, 2017, Cruz et al, 2005, Heard, 1999, Slaa et al, 2006). However, we 
know virtually nothing about the diseases that may infect stingless bees when they provide 
these pollinating services, and what we do know is concerning. At the time of writing, there 
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are three reports of honeybee viruses detected in stingless bees in Central and South America 
(Alvarez et al, 2018, Guzman-Novoa et al, 2015, Ueira-Vieira et al, 2015). However, it 
remains unclear to what extent, and how many of the more than 500 species of stingless bee 
are vulnerable to honeybee viruses, although Tetragonula hockingsi has been shown to be 
susceptible to the fungal infection Nosema ceranae (Purkiss & Lach, 2019). Whether 
honeybee viruses infect Australian species of stingless bee is an open empirical question.  
One way of testing susceptibility to pathogens is via infectivity experiments within the 
laboratory. However, susceptibility to infectious disease is influenced by complex 
interactions among host, pathogen, and environment (Jones et al, 2008, Roberts et al, 2018, 
Strauss et al, 2013). For example, both honeybees and stingless bees might be shown to be 
susceptible to pathogens “x” and “y” under laboratory conditions, but this does not tell us 
whether, in nature, honeybees are catching x from stingless bees while transmitting y to 
stingless bees, or vice-versa. An alternate way to determine susceptibility, that also accounts 
for these interactions, is through collecting epidemiological data on the patterns and 
prevalence of pathogens within field populations. 
If a new host is susceptible to a pathogen, the pattern of infection will differ depending on 
several things. For example, a pathogen might cause infection in any susceptible host it 
encounters (this sort of agent is termed a “true” or “primary pathogen” - Baron, 1996). 
Alternatively, the pathogen may result in disease only when certain conditions affect the host 
(a phenomenon termed condition-dependent virulence) (Bowers et al, 1994, Jokela et al, 
2005, Lively et al, 2006). The more frequently an individual is exposed to a virus via heavily 
diseased individuals, and the weaker its immune system (such as due to co-infection from 
other pathogens), the more susceptible it is to disease. These risks should therefore be 
exacerbated when stingless bees forage often with heavily diseased commercial honeybees 
(Roberts et al, 2017). Unsurprisingly, condition-dependent virulence of pathogens has been 
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documented in honeybees and bumblebees used in commercial pollination services (Brown et 
al, 2000, Manley et al, 2017). 
With these considerations in mind, I investigated the transmission of Australian stingless bees 
to honeybee viruses by studying the prevalence and patterns of the honeybee virus, BQCV 
(Family Disctroviridae, Genus Cripavirus). I chose this virus for two reasons. First, BQCV is 
the most prevalent honeybee virus in Australia (Roberts et al, 2017), so stingless bees are 
expected to have the most exposure to this honeybee virus. Second, BQCV can reportedly 
infect a very broad range of species (Bailes et al, 2018, Murray et al, 2019).  
To investigate the susceptibility of Australian stingless bees to BQCV, I compared BQCV 
prevalence, viral loads and sequences from honeybees and two stingless bee species, T. 
carbonaria and T. hockingsi. These native species were chosen because they are the most 
commonly encountered stingless bee species in Eastern Australia, and they are also used for 
commercial pollination. As for many viral infections, susceptibility to BQCV in honeybees 
appears to increase when bees are co-infected with the microsporidian pathogens Nosema 
apis and Nosema ceranae (Anderson & Giacon, 1992, Antúnez et al, 2009, Bailey et al, 1983, 
Berényi et al, 2006, Mayack & Naug, 2009). As Nosema has also been detected in a wide 
range of pollinating insects (Li et al, 2012, Plischuk et al, 2009, Porrini et al, 2017, Porter et 
al, 2017), including the stingless bee T. hockingsi (Purkiss & Lack, 2019). To investigate co-
infection in stingless bees, I also screened for this honeybee parasite in my investigations.  
In summary, the aims of my investigation were to determine the:  
• Prevalence of BQCV in stingless bees (T. carbonaria and T. hockingsi) used for 
commercial pollination 
• Prevalence of BQCV in stingless bees (T. carbonaria) from hobby hives 
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• Prevalence of BQCV in stingless bees (T. carbonaria and T. hockingsi) co-infected 
with Nosema  
• Viral loads in honeybees and stingless bees 




To investigate the prevalence of BQCV, I collected stingless bees and honeybees while they 
were performing commercial pollination. I also collected stingless bees from hives that were 
not engaged in commercial pollination. Prevalence testing of BQCV in stingless bees was 
performed at the hive level, using pooled samples of 10 individual stingless bees collected in 
a sterile 50ml Falcon tube as they exited a hive (Figure 4-1).  
 
Figure 4-1 Collection of pooled stingless bee samples directly from the hive. Stingless bees were collected at 
the entrance of the hive as they exited. Ten adult foraging bees were pooled to form one sample from a given 
commercial or hobby hive. 
 
Ten hives on farms were selected randomly for sampling from each of three large commercial 






Figure 4-2 Map indicating the collection sites of bees in this work. Perth and Adelaide are geographically 
remote from the estimated distribution ranges of stingless bees. However, honeybees of South Australia have 
habitat access to New South Wales and Queensland. Western Australian honeybees are naturally separated from 
the eastern states by a series of deserts. 
To prevent the degradation of viral nucleic acids, all bees were stored in RNA later® 
(Qiagen) upon collection and then stored at -80oC on receipt by the laboratory until processed 
(Foster et al, 2008; Uhlenhaut & Kracht, 2005). 
Nucleic acid extraction 
Pooled bee samples were placed in a microcentrifuge tube with a stainless-steel bead, and 
800 µl lysis buffer was supplied from the ISOLATE II RNA mini Kit. Each sample was 
homogenized using a TissueLyser (QIAGEN) at 30Hz for 2 min. The homogenate was then 
digested with 20 µl of proteinase K (Bioline) at 56OC for 1 hour. The digest was centrifuged 
(1400g for 2 minutes) and 200 µl of the supernatant used for RNA (RNA ISOLATE II RNA 
mini kit Bioline) and DNA (ISOLATE II DNA mini kit Bioline) extraction according to the 
manufacturer’s instructions.  
 
93 
For individual bees, extraction of RNA with TRIsure was performed according to the 
manufacturer’s instructions. However, extraction of DNA was performed with the following 
modifications: 500 µl of TRIS HCL pH8 was added to the organic phase, then centrifuged at 
2000xg for 5 minutes at 4oC. 500 µl of the aqueous phase was removed, and the DNA was 
precipitated by adding 50 µl Na acetate (3M pH5.2) and 1ml of 100% ethanol and incubated 
at -20 o C for an hour. Samples were then centrifuged for 10 minutes at 4oC and the 
supernatant was removed. The pellet was washed twice with 75% ethanol and suspended in 
100 µl H2O. 
A Nanodrop spectrophotometer (Nanodrop Technologies, Oxfordshire, UK) was used to 
quantify the concentration of RNA and DNA in each sample. Samples were then stored at-
80OC until tested.   
Molecular testing by RT-PCR for BQCV 
The primers and probes for the molecular detection of a 431bp fragment of the BQCV capsid 
gene, internal to the sequence reported by Benjeddou et al, (2001), were designed using 
PlexZyme technology supplied by SpeeDx (Redfern Sydney, Australia), and PCR reactions 
were performed using the manufacturer’s reagents and instructions (SpeeDx Pty Ltd.).  
Analytical validations of the primer and probes were conducted according to the guidelines of 
Bustin et al, (2009) (Appendix B). All experiments were performed on the MIC supplied by 
Bio Molecular Systems (Upper Coomera, Queensland Australia). 
The absolute quantification limits of the qPCR were determined using a g-block containing 
the sequence of the amplified product (GenBank), flanked by human DNA sequences and the 






Quantifiable range and detectable limits BQCV RT- qPCR assay 
The linear regression analysis (Figure 2.0) is Ct = -3.4443 * log (copies per reaction) + 
37.331: R² = 0.997:  The quantification range is 102 to 107 copies per reaction (Figure 4-3). 
The limit of detection was 100 DNA copies per PCR reaction. 
 
Figure 4-3 The quantification range of BQCV RT- qPCR assay 
 
A biologically positive sample of BCQV (provided by John Roberts, CISRO Canberra) and 
negative control, containing water only, were included in each run. The beta actin gene was 
used as an internal sample quality control for successful amplification (Chen et al, 2005). 
Amplification results were expressed as the threshold cycle (Ct) value, which was defined as 






For Nosema detection, the primers of Hamiduzzaman et al, (2010) were used. PCR reactions 
were conducted at a final volume of 20µl mixture containing MyTaq™ Red Mix (Bioline) 
according to the manufacturer’s instructions.  
Statistical analysis 
Infection prevalence 
To compare the incidence of BQCV in commercial pollination hives to hobby hives and to 
test for a correlation between infection by BQCV and Nosema in stingless bees, I used the 
Fisher exact t-test. Viral loads of stingless versus honeybees were compared using an 
ANOVA t-test following log-transformation of the raw data.  
Capsid gene sequence analysis 
To infer and visualise the relationships between BQCV sequences of honeybees (n = 15) and 
stingless bees (n = 8), the resulting amplicons underwent Sanger sequencing. The sequences 
were aligned using the ClustalW algorithm within MEGA 7 (version MEGA7.0.18) software. 
The ClustalW alignments were imported into the software DnaSP v.5.0 (Librado et al, 2009) 
to determine haplotypes. To visualize the network of interrelationships between the 
haplotypes (Bandelt et al, 1999), a minimum spanning network was constructed in PopART 
(Leigh & Bryant, 2015) using default parameters. Pairwise nucleotide and amino acid 
similarity tables were generated in Clustal Omega version 2.1 (Sievers et al, 2011). Tests of 
neutrality (Tajima's D Statistic, Fu and Li's D* test statistic and Fu and Li's F* test statistic) 
were used to assess evidence of positive selection of polymorphism within the DnaSP 
software. It is informative to test for positive selection because its detection would suggest 
the pathogen is adapting to the new host and this could be interpreted as evidence of 




individual stingless bees testing positive for BQCV. Moreover, for the two bees where levels 
were quantifiable, the viral loads were much lower (1 x 103 copies per 5ng of RNA) than in 
honeybees (Figure 4-4).  
 
Figure 4-4 Bar and whiskers plot of BQCV copies per ng of extracted RNA. The viral loads of individual 
honeybees in commercial pollination (n = 10), non-commercial honeybees (n = 24) and stingless bees (n = 2) 




For building haplotype networks, 8 stingless bee unique sequences were used. These included 
3 sequences from the hive samples and the 5 individual stingless bee samples that tested 
positive for BQCV.  Sixteen honeybee sequences were used. These included 9 sequences 
from NSW from 7 different locations and 3 sequences from Perth, Western Australia, 2 from 
Kin Kin, Queensland and 2 from Adelaide, South Australia. 
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The haplotype network shows no distinct genetic cluster of stingless bee viral sequences. 
Instead, viral sequences from stingless bees are interspersed with those of honeybees (Figure 
4-5). The other main structural feature of the network is the clear separation of a distinct 
group from honeybees in Western Australia (Node 1) from the east of Australia (South 
Australia and New South Wales). 
  
Figure 4-5 Median neighbourhood network showing relationships between partial BQCV capsid 
sequences. Each circle represents a group of identical sequences: the diameter depicts the number of sequences. 
The vertical black lines show the number of mutations between groups. Only two nodes with multiple BQCV 
sequences were identified. 
Positive selection 
There was no evidence of positive selection on BQCV sequences from any of the three 







I investigated the susceptibility of Australian stingless bees to the honeybee virus BQCV by 
comparing its prevalence and viral loads in stingless bees used for commercial pollination, 
hives kept by hobby beekeepers, and honeybees. I also analysed the BQCV partial capsid 
sequences for evidence of positive selection in stingless bees. My study demonstrated that 
although BQCV can be detected in foraging T. carbonaria bees, it is rare. Furthermore, the 
prevalence, viral loads, sequence analysis, and neutrality and divergence testing in this study 
do not suggest that a successful host shift to stingless bees has occurred.  
Another finding was that BQCV could not be detected in any of the stingless bee colonies 
used for commercial pollination (n = 30), even though co-foraging honeybees caught in 
commercial apiary sites predominantly tested positive for the virus (80%, n = 15). This was 
unexpected, as under similar circumstances honeybee viruses are often detected in other 
pollinators (Daszak et al, 2000, Fürst et al, 2014, Levitt et al, 2013, Manley et al, 2017, Potts 
et al, 2010, Tehel et al, 2016). Instead, the BQCV positive stingless beehives (10%, n = 30) in 
this study were kept by a hobby beekeeper. Thus, my study does not support the hypothesis 
that stingless bees working with commercial honeybees are at a higher risk of spill-over 
infections with BQCV than their counterparts.  
I can further report that BQCV loads in individual infected stingless bees were very low. The 
viral load reflects the replication rate and hence the proficiency of the virus to multiply in the 
host. In honeybees, Nosema infection causes injury to the gut lining, facilitating the entry of 
BQCV into the tissues of the bees, where it multiplies. Although this is not necessary for 
BQCV infections and other honeybee-associated viral infections, it increases the viral load 
(Doublet et al, 2015, Toplak et al, 2013). In this study, I detected a low prevalence of Nosema 
in stingless bees but did not find a positive correlation with BQCV detection. The reports of 
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Nosema in stingless bees are variable. Some studies find it (Porrini et al, 2017, Purkiss & 
Lach, 2019) and others do not (Nunes-Silva et al, 2016). Hence, the low viral loads of BQCV 
may reflect poor replication of this virus in the stingless bee. If the cases I detected constitute 
infections, the low prevalence and viral loads in stingless bees do not indicate that BQCV is a 
self-sustaining disease that circulates within and between stingless bees. Instead, they may 
simply represent “dead end” spill-over infections from honeybees. Spill-over infections 
would not be unusual as most cross-species infections fall into this category (Parrish et al, 
2008).  
Spill-over infections may nevertheless pose an important risk as they can have dramatic 
impacts on new host populations. For instance, pathogens with low virulence in a natural host 
may be extremely virulent in a new host (Leroy et al, 2005, Marshall & Fenner, 1958). The 
low detection rate and low viral loads could be misleading if the infection is highly virulent, 
such that infected stingless bees die while foraging (and bees used for commercial pollination 
may die more quickly) and are therefore not recorded in my data. To ascertain whether my 
results are due to such a survivorship bias, more detailed studies of bee longevity and colony 
growth in pairs of infected and uninfected hives (or with individual bees in a more controlled 
laboratory setting) would be a useful next step. 
Another plausible explanation for low BQCV prevalence in stingless bees could be low 
contact with BQCV. At first glance, this would seem unlikely, because this virus was so 
prevalent among the honeybees in this study. I assumed that the honeybees were shedding 
large numbers of infective BQCV virions on flowers during foraging, the most likely route 
for transmission of the virus (Chen et al, 2006). However, persistent viral infections like that 
instigated by BQCV are characterised by low multiplication rates. As such, they may not be 
spread as easily to new hosts if they require more intimate contact between hosts for 
successful transmission (Ravoet et al, 2015). Evidence in line with this possibility is provided 
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by Singh et al, (2010), who reported that in populations of honeybees where close to 100% of 
bees are infected by BQCV, only 30% of incoming honeybee foragers with pollen contained 
detectable amounts of the virus. 
The low prevalence of BQCV in stingless bees may alternatively be due to the methodology 
used in this study. RNA degradation is a well-acknowledged problem when screening for 
RNA viruses (Chen et al, 2007, Forster et al, 2008, Uhlenhaut & Kracht, 2005). However, in 
my case, this is unlikely as detection of BQCV in honeybee samples held at room 
temperature for up to five days has been demonstrated to be reliable (Dainat et al, 2011). 
Furthermore, high BQCV loads were successfully detected in the honeybee samples. 
Nevertheless, although care was taken in the collection and storage of the stingless bee 
samples in the field, the prevalence of BQCV in stingless bees may be underestimated. 
A more likely explanation for the results is that the detection of BQCV in stingless bees does 
not indicate an active infection. It is common practice when testing for honeybee viruses in 
other pollinating insects to extract RNA from the whole bee. This is done because a virus 
may be able to infect only particular cells in the insect, such as neurons or muscle cells 
(cellular tropism). Hence, passive virions may be in the gut or embedded on the surfaces of 
the bee, and the detection of these viral particles is referred to as contamination. If the simple 
presence of viral RNA on any part of the bee does not constitute an infection, and many 
uninfected bees have such residual traces of BQCV, then the standard methodology will only 
promote confusion until this possibility is clarified.  
It would be easier to equate detection of the virus with infection if the new host displayed 
overt symptoms of the disease. However, BQCV appears asymptomatic in worker honeybees, 
so the expectation of observable signs of disease in stingless bees is low. Although this does 
not overcome the lack of observable signs in bees, researchers have developed PCR assays to 
 
103 
detect the negative strand (indicative of replication) of the virus in specific tissues of the new 
host (Peng et al, 2011). An alternative is to establish a host shift through nucleotide changes 
in the viral sequences derived from the stingless bees compared to those derived from 
honeybees. 
Why might stingless bees be relatively unsusceptible to honeybee diseases? An important 
barrier that may prevent host shifts is “phylogenetic distance” meaning, how closely related 
different bee species are. This is because all viruses need to bind to specific receptor molecules 
on the surface of target cells to initiate infection. This binding is highly specific, and this 
specificity determines both the species and the cell type that can be infected by a given virus 
(Coffin, 2013, Nagy & Pogany, 2012, Parrish et al, 2008). In brief, this is also known as the 
species barrier, and it determines the host range of viral infections. 
As viruses adapt to the defences of new hosts, this evolution is reflected in characteristic 
changes in their RNA. The capsid gene is often used to identify sequence shifts in invertebrate 
hosts (Singh et al, 2010, Noh et al, 2013, Zhang et al, 2012), because it remains largely 
conserved (Cherry & Silverman, 2006, Zambon et al, 2005). Evidence of a viral host shift is 
frequently obtained by detecting amino acid substitutions in the capsid gene, allowing virus 
cell entry into the new host (Ito et al, 1998, Qu et al, 2005). The problem is distinguishing 
between mutations that enable a host shift (adaptive mutations) from genetic drift (Lauring & 
Andino, 2010). To overcome this, viral sequences from the new host can be compared with 
ones from the native host to test for positive selection. To establish evidence of a host shift in 
the virus, I compared the partial sequence of the BQCV capsid. However, none of the three 
statistical methods found evidence of positive selection in the stingless bee sequences to 
support a host shift. It is also interesting to note that, although BQCV has been detected in 
other pollinating insects, evidence of host shifts in the viral capsid sequences in non-Apis 
species has not been forthcoming (Choi et al, 2010, Ciglenečki et al, 2014, Noh et al, 2013, 
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Singh et al, 2010, Zhang et al, 2012). Even so, some researchers have (in my view, incorrectly) 
interpreted such findings as evidence of pathogen sharing and increasing the host range of the 
virus (Murray et al, 2019).  
Genetic distances between stingless bee and honeybee genomes may explain the present 
results. Low prevalence and low viral loads of BQCV in stingless bees may be due to 
stingless bees being virtually invulnerable to BQCV under the conditions of this study. The 
honeybees and stingless bees are estimated to have had their last common ancestor between 
81 to 96 Mya (Rasmussen & Cameron, 2009) and this may well lead to an adequate barrier to 
infection, as phylogenetic distance is thought to be the major factor limiting the sharing of 
pathogens (Davies & Pederson, 2008). However, some honeybee associated viruses, like 
Deformed wing virus (DWV) may have a much wider range of hosts (Bailes et al, 2018, De 
Souza et al, 2019, Genersch et al, 2006, Sébastien et al, 2015) 
In summary, like other recent investigations into the prevalence of spill-over infections of 
honeybee viruses into other pollinating insects, I expected to find BQCV prevalent in 
Australian stingless bees. Contrary to this assumption, I found BQCV to be very rare in 
stingless bees. Furthermore, I found no evidence of positive selection to suggest a host-shift. 
However, due to the high mutation rates of RNA viruses (Drake & Holland, 1999, Domingo 
et al, 1998, Elena & Sanjuan, 2005) it may only be a matter of time before honeybee ssRNA 


















Studies of honeybees reveal a growing list of associated viruses. Some of these viruses have 
been detected in other pollinating insects, such as bumblebees, ants, wasps, and stingless 
bees. In addition, the virosphere of honeybees may also be a useful tool for the detection of 
plant viruses with horticultural significance. Meanwhile, the virosphere of stingless bees has 
yet to be investigated in any detail, and it is unknown whether they spread viruses to other 
pollinators or vector or contract plant viruses. The practical importance of characterising the 
stingless bee virosphere is further highlighted by the prospect of using them to locate 
diseased plants. Indeed, their potential utility in this way may be greater than honeybees 
because they forage over shorter distances and monitoring their viruses could provide more 
fine-grained information about disease patterns among commercial crops.   
This study explored the virosphere of stingless bees using a transcriptome sequencing 
approach. RNA was extracted and sequenced from 10 foraging bees per hive from three 
stingless bee species, Austroplebeia australis (n =10 hives), Tetragonula carbonaria (n =20) 
and Tetragonula. hockingsi (n =10), as well as from individual honeybees (n =10). While 
honeybee associated viruses (BQCV, LSV1 and LSV2) were detected in the honeybee 
samples, they were not detected in the stingless bee samples. Indeed, no clearly attributable 
insect viruses were found in stingless bees. However, the data revealed several plant viruses 
of horticultural importance in Eastern Australia. Two of these, Tomato ringspot virus in 
honeybees and Pelargonium zonate spot virus in stingless bees, had only been previously 
reported in Western Australia. Additionally, the partial genomes of two novel partite-like 
viruses, normally associated with plants and fungi, were uncovered in the study: one in 




Viruses are the most abundant and diverse biological entities on earth (Suttle, 2007) and these 
obligate intracellular parasites are found wherever there is life (Fuhrman, 1999). The viruses 
that an individual or species encounters constitutes its “virosphere”. The virosphere of 
honeybees is of interest because honeybees are often infected with multiple viruses that can 
potentially lead to colony losses (Dainat et al, 2012, Evans & Schwarz, 2011, Smith et al, 
2013). In addition, viruses associated with honeybees may spill over into other pollinating 
insects, potentially resulting in local declines or extinctions (Fürst et al, 2014, Manley et al, 
2015, Tehel et al, 2016). Further, the honeybee virosphere may also be used as a surveillance 
tool to detect horticulturally significant plant viruses before their detection in diseased plants 
(Roberts et al, 2019).   
Aside from honeybees, stingless bees are the only group of bees with perennial eusocial 
colonies that are managed as hives for honey production and pollination. However, unlike the 
virosphere of honeybees, little is known about the virosphere of stingless bees. The 
virosphere of stingless bees may contain novel insect viruses, honeybee (Hb) associated 
viruses and plant viruses, but more studies will be crucial if our knowledge of the stingless 
virosphere is to have any practical utility. 
Viruses are divided into two broad groups - DNA and RNA viruses – and almost all Hb-
associated viruses belong to the latter group. These RNA viruses can be further divided into 
two groups depending on the presence of an outer lipid envelope, which determines how the 
virus is transmitted. Those with a lipid envelope are prone to desiccation and so are dispersed 
through moist droplets, with transmission reliant on intimate contact between hosts. Viruses 
that lack this fragile lipid membrane are resistant to drying out, UV light and acidic 
environments (Kramer et al, 2006, Mahl & Sadler, 1975). They are usually shed in large 
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numbers in the faecal material of their hosts into the environment. Here the virions can 
remain viable on environmental surfaces, such as soil and flowers, on which they land; hence 
co-foraging insects may readily encounter non-enveloped RNA viruses (Alvarez et al, 2018, 
Brown et al, 2000, Fung et al, 2018, Jabal-Uriel, et al, 2017, Fürst et al, 2014, Guzman-
Novoa et al, 2015).  
RNA viruses also possess another important inherent quality, a high mutation rate. This is 
due to the lack of a proof-reading enzyme during replication (Duffy, 2018, Seifert et al, 
2015). An individual host can harbour not just one viral strain, but a cloud of mutant viruses. 
This genetic variation increases the likelihood of an RNA virus being able to enter a new host 
and replicate within it, thereby increasing its host range to include new species. Hence, the 
most common Hb-associated RNA viruses are also candidates for cross-species transmission 
to the many pollinator species who frequent the same flowers as honeybees. 
Cross species transmission of honeybee associated viruses is already known (Levitt et al, 
2013). Other bee species near commercial honeybees are at particular risk of acquiring viral 
infections due to the increased contact; for example, bumblebees appear susceptible to Hb-
associated viruses (Brown et al, 2000, Jabal-Uriel, et al, 2017, Fürst et al, 2014). However, 
viral transmission is not only restricted to other species of bees, and one Hb-associated virus, 
Deformed wing virus (DWV), has an extensive host range, including the varroa mite (Varroa 
destructor), small hive beetles (Aethina tumida), yellow jacket wasps (Vespula pensylvanica), 
several ant species (Martin & Brettell 2019, Zhang et al, 2007, Sébastien et al, 2015). 
Not all insects (or even bees) may be susceptible to all Hb-associated viruses (Dolezal et al, 
2016, Schoonvaere et al, 2018). For example, adults of two bee species (Megachile rotundata 
and Colletes inaequalis) experimentally inoculated with a mixture of common viruses that is 
lethal to honeybees did not show reduced short-term survival (Dolezal et al, 2016). Similarly, 
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a metagenomic study (a sequence-based analysis of the collective genomes contained in a 
sample) of eight social and solitary wild bee species detected BQCV in only two samples 
(Bombus cryptarum and B. pascuorum at a single locality), as well as Varroa destructor 
virus-1 (VDV-1) in two different samples (B. terrestris and O. cornuta). The viral loads were 
determined to be very low in these samples, with the authors positing possible early 
infections or pollen contamination rather than overt infection.  
Hb-associated viruses have also been reported in neo tropical stingless bees. These include 
BQCV and DWV in Mexico (Scaptotrigona Mexicana) (Guzman-Novoa et al 2015), ABPV, 
IAPV and DWV Type A in Argentina (Tetragonisca fiebrigi, Plebeia droryana, Plebeia 
emerinoides and Trigona spinipes) (Alvarez et al, 2018), and ABPV and DWV-C in Brazil 
(Melipona scutellaris, Melipona subnitida) (De Souza et al, 2019, Ueira-Vieira et al, 2015). 
However, I am not aware of any reports of Hb-associated viruses from the many species of 
Old-World stingless bees found in Africa, Asia, and Australia.  
While stingless bees are expected to harbour some so-called “honeybee viruses”, it is also 
possible that they are hosts to other insect viruses that are not known from honeybees, their 
own suite of viruses. To date only one specific disease of stingless bees has been described, 
Shanks brood disease (SBD), which is not due to a virus but the bacterium, Lysinibacillus 
sphaericus (Shanks et al, 2017).   
While it is well known that bees harbour “bee viruses”, they also encounter other 
invertebrates and the RNA viruses that they may shed into a shared environment. For 
example, Aphid Lethal Paralysis Virus (ALPV) has been detected in both whiteflies (Bemisia 
tabaci) (Van Munster et al, 2002) and honeybees (Granberg et al, 2013). Furthermore, a 
recent major metatranscriptome study of 220 invertebrate species led to discovery of 1,445 
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new RNA viral species (Shi et al, 2016), illustrating the depth of our current ignorance of 
invertebrate viruses in general.   
In addition to insect viruses, foraging bees are likely to be exposed to a variety of plant RNA 
viruses that are transmitted in pollen. Plant viruses, although detected, were largely ignored in 
many previous studies of honeybee viruses (Remnant et al, 2017). However, we now realise 
the potential economic value of searching for plant pathogens in bees. To illustrate this point, 
Tobacco Ringspot Virus (TRSV) is commonly detected in transcriptome data from honeybees 
and has recently been shown to be able to replicate in honeybees (Li et al, 2014). 
Furthermore, honeybees infected with this virus have a reduced lifespan, thereby 
compromising bee health (Li et al, 2014), and possibly resulting in colony losses. This 
highlights the possibility that some viruses may infect both plant and animal hosts with 
negative effects on one or both. It also raises the question of what other so-called “plant 
viruses” may compromise the health of bees or other insects. 
Bees may also act simply as vectors in transmitting viruses between different individual 
plant, even if the bees themselves suffer no ill effects. For example, Pepino mosaic virus 
(PepMV), Tobacco mosaic virus (TMV) and Tomato apical stunt viroid (TASVd) are all 
pathogens of tomatoes that can be vectored by bumblebees (Antignus et al, 2007, Okada et al, 
2000, Shipp et al, 2008). Similarly, honeybees have been implicated in the transmission of 
Blueberry shock ilarvirus (BlShV) and Blueberry leaf mottle virus (BBLMV) in commercial 
blueberries (Boylan-Pett et al, 1991, Bristow & Martin 1999). Thus, knowing the plant 
viruses detected on commercial bees may help prevent the transmission of disease from farm 
to farm. 
Detecting plant viruses in bees can alert authorities to potential incursions of horticulturally 
important plant viruses. One such study using honeybees detected Tomato ringspot virus 
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ToRSV in Western Australia, where it was previously thought to have been eradicated. 
Similarly, the finding of Cucumber green mottle mosaic virus (CGMMV) in honeybee 
transcriptome data predated its detection in any diseased plants (Roberts et al, 2018). 
The viruses that stingless bees encounter are yet to be discovered. By exploring the 
virosphere of stingless bees we can determine if and what viruses they may share with other 
pollinating insects. Using stingless bees as adjunct commercial pollinators working alongside 
commercial honeybees, makes the sharing of Hb-associated viruses a major concern. The 
potential use of stingless bees as adjunct tools for surveillance of plant viruses could be a 
bonus in this partnership.   
This study utilized all three approaches to explore the RNA viruses of three species of 
Australian stingless bees commonly kept in Eastern Australia: A. australis, T. carbonaria, 
and T. hockingsi. I also included honeybees and I analysed the transcriptome data to search 
for: 
• Hb-associated RNA viruses that they may be sharing 
• Novel RNA viruses of stingless bees 
• Plant viruses infecting bees 
Methods 
Sampling strategy and collection  
“Healthy” stingless bees:   
To explore the virosphere of stingless bees, I sampled foragers from hives of commercial and 
hobbyist beekeepers in New South Wales and Queensland between September 2017 and 
October 2018. Ten adult forager bees were collected as they exited each hive /nest entrance to 
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form a hive sample. The 40 stingless beehives sampled overall consisted of 10 A. 
australis (Aa), 10 T. hockingsi (Th), and 20 T. carbonaria (Tc).   
“Healthy” honeybees:  
To confirm the presence of honeybee diseases at the time of sampling, ten 
individual honeybees were collected whilst they were foraging. Seven honeybees were 
collected co-foraging on the same flowers as the commercial stingless bees, and three were 
collected in bushland in the Blue Mountains, New South Wales co-foraging with wild 
stingless bees. This sample was also included to confirm the methodology is a valid way of 
detecting honeybee viruses.  
Shanks Brood Disease (SBD)-infected stingless bees:   
Four hives were identified as SBD infected. These hives tested positive for the 
causative bacterium L. sphaericus and exhibited a key symptom of the disease - the 
discarding of large numbers of discoloured larvae from the hive. This pooled sample of 
larvae and pupae and adults consisted of multiple hives from different geographical locations. 
The hives were all T. carbonaria, located in either Sydney, New South Wales or Brisbane, 
Queensland.  
 
Sample processing  
10 Bees taken from each hive were combined to form one sample, before being homogenised 
with QIAGEN tissue lyser (30Hz for 3minutes). RNA was then extracted using commercial 
kits from Bioline (ISOLATE RNA II) or Qiagen (RNeasy Mini-Kit), according to the 
manufacturer’s instructions, with a final elution volume of 100 µl. Of the extracted RNA, 




 Kin Kin, 
Queensland  
No  1 hive   
 Mount Perry, 
Queensland  
No  5 hives   
BR5 T. 
carbonaria  
Foragers   Kin Kin, 
Queensland 
Yes 4 hives 100 bees 
Mount Perry, 
Queensland 
Yes 3 hives   
Bryon Bay New 
South Wales 
Yes 3 hives   
BR6 T. hockingsi  Forager.  Tara, Queensland Yes 3 hives 100 bees 
 Mount Perry, 
Queensland 
Yes 7 hives   
 Note: All hives at Tara were co-located, all hives from Kin Kin were co-located and all hives from Mount Perry 
were co-located. T. carbonaria hives in sample BR5 from Byron Bay were all co-located, but not co-located 
with the T. carbonaria hive of sample BR2.  
 
RNA library preparation  
Total RNA was transported to the HIE Next Generation Sequencing (NGS) facility where a 
further clean-up with AMPure XP beads (Beckman Coulter®) was performed to meet 
the RNA quality threshold criteria for optimal sequencing performance. The NGS facility 
then performed a ribosome depletion step (Ribo-Zero-GoldTM Human/Mouse/Rat) on the 
samples to remove cytoplasmic and mitochondrial ribosomal RNA, before library preparation 
with the TruSeq stranded total RNA paired-end libraries, 2 x 125bp paired-end sequencing 
(Illumina, San Diego, CA).   
Bioinformatics analysis  
To uncover the complex virosphere of stingless bees a metagenomics approach is warranted, 
and the options for bioinformatic analysis have rapidly expanded in recent years. I performed 
three sets of analyses of the sequenced data using three different platforms, MG 
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RAST version 4.0.3 (Meyer et al, 2008), GD (Vilsker et al, 2018) and CLC genomics 
workbench 10(CLC; Qiagen).  
MG RAST (version 4.0.3)  
MG RAST is open source software for the identification of bacteria, viruses, and fungi. This 
software does not use an assembler, instead, it uses a system of “binning” to match small 
fragments and then uses a BLAT (Blast-like alignment tool) search against the curated 
databases, BLAT (n) and BLAT(x). The data is displayed in taxonomical hierarchical 
abundance tables. The assigned reads can however be downloaded and analysed using 
different software programs.   
The paired-end reads were joined, underwent automatic quality control using the software 
default settings. To minimise filter out host RNA, the sequences were screened against a D. 
melanogaster (Flybase, r5.22) reference genome and host sequences removed via the MG 
RAST pipeline. Then, using the Refseq database and the default parameters (e-value 5, %-
identity 60, length 15), I searched the data for matches to viruses, the bacterium Wolbachia, 
and the microsporidium parasite Nosema. To look for Hb-associated viruses in the stingless 
bee samples, I extracted the sequences and performed a BLAST(n) on all the viral taxa 
assigned to the Picornavirales including the Hb-associated viruses.    
Conditions of assignment of viral taxa for this study: 
I used the default assignment parameters for all the Picornavirales including the Hb-
associated viruses. For other viral taxa, I set an arbitrary cut off value of 10 reads. Viral taxa 
were validated by extracting the sequences and performing a BLAST(n) search.   
Genome Detective (version 1.111)  
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The raw Illumina data was uploaded onto the GD software. GD is an open-source software 
specifically for the annotation of viral sequences. The program accepts unprocessed or 
processed reads, non-assembled or compiled contigs. Data processing and annotation are 
performed automatically within the software. De novo assembly is via metaSPAdes (Nurk et 
al, 2017). It then combines a protein (BLAST(x)) and a nucleotide (BLAST(n)) search for 
candidate reference sequences against the Swissprot UniRef90 protein and the NCBI RefSeq 
virus databases respectively, of the generated contigs. A report is generated based on 
assigning viral taxa with the default parameters (nucleotide (NT) and amino acid (AA) 
percentage similarity scores and percentage genome coverage). Contigs with low NT% and 
AA% similarity and/or low NT% genome coverage are also listed as a source of viral 
discovery. 
The raw Illumina data was uploaded onto the GD software, and the assignment report was 
generated. However, I increased the stringency of the conditions of viral assignment, by 
increasing the percentage of viral genome recovery. 
Conditions of assignment of viral taxa for this study: 
I modified the Conditions of assignment of viral taxa for this study: ≥100 reads, with ≥ 50% 
of the genome recovered with nucleotide similarity ≥70% and amino acid similarity ≥70%.  
I used the contigs generated in GD to assess the sequencing coverage and phylogenetic 
analysis.  
CLC genomics (Workbench 10)  
CLC genomics workbench is a commercially available package with data processing 
conducted by the user, using the tools available in the software. At the user’s discretion, reads 












Figure 5-2 NJ tree LSV1  
Compiled using LSV1 segment assembled in Genome Detective with aligned sequences with ≥ 98% %ID cut 
off ≥ 70%. The analysis involved 14 nucleotide sequences. There are a total of 1736 positions in the final dataset 
 
 
Figure 5-3 NJ tree LSV2  
Complied using LSV2 segment assembled in Genome Detective with aligned sequences with ≥ 98% %ID cut 





Figure 5-4 NJ tree BQCV Compiled using BQCV segment assembled in Genome Detective with aligned 
sequences with ≥ 85% and with an ID cut off ≥ 70%. The analysis involved 18 nucleotide sequences. There is a 
total of 8073 positions in the final dataset. 
 
In the GD and CLC analyses of honeybee data, segments of the honeybee associated DNA 
virus Apis mellifera filamentous virus, covering 29% of the genome, were also recovered and 
limited to the honeybee sample. As this virus has no known RNA stage, its detection 
indicates the incomplete removal of DNA from the samples.   
Plant viruses associated with honeybees  
Tobacco ringspot virus (TRSV) (Secoviridae, Nepovirus) and Tomato ringspot 
virus (ToRSV) (Secoviridae, Nepovirus) (Table 5-9) were detected in honeybees. TRSV and 




Figure 5- 5 NJ tree TRSV RNA 1 Compiled using TRSV RNA 1 segment assembled in Genome Detective 




Figure 5 -6  NJ tree TRSV RNA 2 Compiled using TRSV RNA 2 segment assembled in Genome Detective 
with aligned sequences with ≥90% and with an ID cut off ≥70%. This analysis involved 13 nucleotide 
sequences. There were a total of 2777 positions in the final dataset.  
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ToRSV, RNA 1 and RNA showed greatest nucleotide similarity (94-97%) with 
(KM083894.1: Query cover 100%, E value = 0, NT percent identity 93.8%) isolated from 
raspberry and from a vineyard (MF176959.1: Query cover 100%, E value = 0, NT percent 
identity 92.3%) (Figures 5-7,5-8)   
 
Figure 5-7 NJ tree ToRSV RNA 1Compiled using ToRSV RNA1 segment assembled in Genome Detective 
with aligned sequences with ≥79% and with an ID cut off ≥ 70%. This analysis involved 13 nucleotide 







Figure 5-10 NJ tree AgLV RNA 2 Compiled using AgLV RNA2 segment assembled in Genome Detective 
with aligned sequences with ≥ 70% and with an ID cut off ≥70%. The analysis involved 7 nucleotide sequences. 
There were a total of 2846 positions in the final dataset. 
PZSV was present in high reads in the pooled sample A. australis. A species-specific PCR 
directed at the RNA1 segment (Liu & Sears, 2007) was performed on the 10 individual 
samples. Four of the ten pooled samples contained the virus- all 4 samples came from the 
same property (Figure 5-11).  
 
Figure 5-11 Detection of species-specific PCR amplicons of Pelargonium zonate spot virus in the stingless 
bee sample (BR4) A. australis Confirmed by species-specific PCR (Liu & Sears, 2007) producing a 559 bp 
amplicon. The ten individual samples (lanes A1-A10) were tested individually. Positive products were detected 




The BLAST(n) search on the 3 PZSV individual segments showed greatest nucleotide 
similarity with 98% JQ350736.1 for RNA1. An isolate from Argentina sunflower, RNA 2 
with 98% homology with JQ 350739.1 and RNA 3 with the Australian strain 99% KF 
790962 (Figure 5-12) were also identified. 
 
Figure 5-12 NJ tree PZSV RNA 2 Compiled using the PZSV RNA2 segment assembled in Genome Detective 
The analysis involved 6 nucleotide sequences. There were a total of 2354 positions in the final dataset. 
 
Viral discovery in honeybees and stingless bees 
The almost complete nucleotide sequence of a novel RNA-dependent RNA polymerase 
(RdRp) segment was detected using both GD and CLC approaches. GD listed the contig in 
the non-assigned taxa, provisionally assigning it to Beihai barnacle virus 13 (segment 1) with 
low NT% and AA% similarity. This taxon was attributed to a contig in the honeybee sample 
(1453bp) and to a sample of A. australis stingless bee (1237bp). A BLAST(n) search on the 
NCBI website of the contig sequence retrieved from the honeybee sample (BR3) matched a 
RdRp segment (100% cover, E-value 0.0, 93% Ident) to a strain of Hubei partite-like virus 34 
strain WHWN68514 (KX884207.1) retrieved from land snails (Shi et al, 2016). The contig 
sequence from the A. australis sample (BR4) (1239bp) via a BLAST(n) search had a lower 






insects (especially honeybees). In total 400 bees, covering three species of stingless bees and 
ten honeybees, underwent whole-genome sequencing using RNA strand-specific 
technology. Our metagenomic analysis used a commercially available software and two free 
on-line web applications that offer intuitive software (i.e., easy to use without coding skill). I 
found that, although these platforms overlap in their functionality, they differ in their 
approaches.  
Hb-associated viruses not assigned in stingless bees 
These two viruses are both unclassified viruses and similar in structure (Runckel et 
al, 2011), but differ in the virulence. CBPV causes well-defined symptoms rendering 
diseased bees unable to fly and leading to death within a few days (Allen & Ball, 1996). LSV 
viruses on the other hand, despite being highly prevalent in honeybees throughout the world 
(see Bigot et al, 2017), are not known to produce symptomatic infections. Although currently 
LSV-1 and LSV-2 are the only LSV species recognised by the International Committee on 
Taxonomy of Viruses, my isolates were more closely aligned with LSV-3 and LSV-8, 
respectively.  
It was interesting to find one short sequence matching DWV in a stingless bee 
sample. However, while this virus is yet to be confirmed in 
Australian honeybees, similar orphan DWV reads have been previously reported 
in them (Roberts et al, 2017). Small fragments of virus detected in whole-genome studies 
may indicate the presence of segments of an RNA virus integrated into insect genomes 
existing as endogenous viral elements (EVES) (Crochu et al, 2004, Cui & Holmes, 
2012). Sometimes, this can provide immunity against the virus, as reported in honeybees 
in Israel for IAPV infections (Maori et al, 2007).   
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A possible reason for the lack of honeybee viruses in stingless bees could be that they are 
generally less susceptible to ss RNA + viruses. One explanation for this is co-infection with 
bacterial endosymbionts. For example, in insects such as Drosophila and the aedine 
mosquitoes, Wolbachia bacteria confer resistance to diverse RNA viruses (Bain et al, 2010, 
Hedges et al, 2008, Tiexeria et al, 2008). However, I did not detect Wolbachia in the 
sequence data.   
The viral load of BQCV has been linked to co-infection with the microsporidian Nosema in 
honeybees (Doublet et al, 2015, Doublet et al, 2016). In this study, I detected Nosema 
ceranae only in the honeybee sample and this may play a factor in the absence of at least 
BQCV in the stingless bee samples in this chapter of the study. However, in my previous 
chapter I was able to detect BQCV and Nosema in T. carbonaria, though it was rare, and I 
could not demonstrate any positive correlation between the two parasites. Recently, infection 
of Nosema in T. hockingsi has been documented in one part of Australia (Purkiss & Lach, 
2019). However, the authors did not test for co-infection with Hb-associated viruses (Purkiss 
& Lach, 2019).  
Alternatively, stingless bees may lack Hb viruses because they do not encounter them often 
enough for spill-over infections to occur. Australian honeybees are healthier than many 
overseas counterparts (Roberts et al, 2017). Indeed, many studies outside Australia have 
focused on locations where honeybees are infected with Varroa. This parasitic mite 
compromises honeybee health resulting in overt viral infections and hence increased viral 
shedding (Di Prisco et al, 2011, Nazzi et al, 2012). But the lack of Hb-associated viruses in 
stingless bees could also relate to differences in foraging preferences (Dyer et al, 2016, 
Norgate et al, 2010, Teixeira et al, 2020) or hive environments (Kujumgiev et al, 1999) 
between these two groups of social bees.   
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A further possibility is that the phylogenetic distance between stingless bees and honeybees is 
too great. However, previous studies have detected honeybee associated viruses in species of 
stingless bees (Guzman-Novoa et al, 2015, Ueira-Vieira et al, 2015), so this seems 
unlikely. Whatever the reason, the findings in this chapter support my findings in the 
previous chapter (Chapter 4): while it is possible to detect BQCV in T. carbonaria foragers, it 
is rare, and the viral loads are substantially less than in honeybees. A distinction must 
therefore be made between virus “detection” and “infection”. While 
detection establishes contact, infection implies the ability to replicate in the host. Reports 
of honeybee viruses in stingless bee species elsewhere have thus far only established 
detection, such as demonstration of the replicative intermediate negative strand, the detection 
of the virus in sterile tissues of the bee or a rise in viral loads following infection.   
To address the problem of contaminating viral sequences, I only assigned viral taxa to a 
sample if two criteria were met, namely ≥100 reads and ≥50% genome recovery. The 
logic for this is that the detection of high viral loads is a useful indicator of proficient 
replication in a susceptible host (Shi et al, 2016). The same logic also applies to the detection 
of plant viruses in bees.  
Plant-associated viruses  
Another interesting finding of the study was that several known plant viruses were detected 
and that those in honeybees differed to those in stingless bees. Previously, plant viruses 
detected in whole-genome studies in bees have been dismissed as contaminants from 
digestion of pollen and therefore not relevant to bee health (Remnant et al, 2017). We now 
know that such detections may represent infections in bees (Li et al, 2014), and/or may imply 
a role for bees in vectoring plant viruses found in pollen (reviewed by Balique et al, 2015). 
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In this study, four plant viruses were assigned to the bee samples. The honeybee samples 
contained two viruses belonging to the genus Nepovirus, TRSV and ToRSV. TRSV was first 
recognised as causing an infection in honeybees by Li et al, (2014), and TRSV in honeybees 
has been linked to negative impacts on foraging honeybee health (Flenniken, 2014). The 
RNA 1 and RNA 2 sequences in this study, aligned closely with those reported in honeybees 
in Western Australian (GenBank: MH 427299.1 and MH427293.1) (Roberts et al, 2018). 
Although I could not detect a sequence shift with those strains sourced from plants, the high 
abundance of TRSV in the honeybee samples (40% of total viral reads) may suggest it 
constitutes an infection.    
Likewise, ToRSV was detected in relatively high abundance (26% of total viral 
reads) in honeybees. This virus was thought to have been eradicated from Australian plants 
(IPPC, 2015), but has recently been detected in honeybees in Western Australia (Roberts et 
al, 2018). Although the sequences retrieved from this study are similar to that reported by 
Roberts et al, (2018) (MH:427294.1: Query cover 99%, E value = 0, NT percent identity 
88.2% and MH:427293.1: Query cover 99%, E value = 0, NT percent identity 84.3%) they 
are more closely aligned to sequences from raspberry plants (Walker et al, 2014) 
(KM083894.1: Query cover 100%, E value = 0, NT percent identity 93.8% ) and a vineyard 
in Ohio (Yao et al, 2018) (MF176959.1: Query cover 100%, E value = 0, NT percent identity 
92.3%). This is the first report of this virus in eastern Australia honeybees.  
In addition to the above, two plant viruses of the family Bromoviridae, Pelargonium zonate 
spot virus (PSZV) (genus: Anulavirus) and Ageratum latent virus (AgLV) (genus: Ilavirus) 
were detected in stingless bees. PZSV (91% of the total viral reads in sample) was detected in 
foraging bees from four A. australis hives in Tara (Queensland), but previously PZSV has 
only been reported in plants in Western Australia (Li et al, 2016). The virus is a known 
pathogen of crops such as tomato and kiwifruit, causing a reduction in fruit production and 
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quality and malformation of leaves and has no known vector being transmitted via seed, 
however, the virus is present in the pollen (Quacquaelli & Gallitelli, 1979). Hence, its 
detection in stingless bees would indicate an incursion of the virus into eastern Australian 
plants. The second virus, AgLV, was detected in foraging bees from eight T. carbonaria 
hives located in Brisbane. AgLV is a newly described virus found in symptomless weed hosts 
in the eastern states of Australia but has not been detected in commercial crops in Australia 
(Sharman & Thomas, 2013).   
Novel plant/fungi associated viruses  
This study also uncovered the RdRp genes of two Partiviridae-like viruses, one in honeybees 
recovering a 1458bp contig comprising 97.7% of the gene sequence. The other in A. australis 
recovered a 12337bp contig, comprising 82.9% recovery of the gene sequence. Partiviridae 
have primarily been identified in plants and fungi (Nibert et al, 2014). Their viral genome is 
double-stranded (ds) RNA and typically consists of two segments (one encoding the RdRp 
gene, the other the capsid protein). These viruses generally present as asymptomatic 
persistent infections in the host plant or fungus (Roossinck, 2010). A BLAST(n) search on 
the NCBI website revealed that both were a closer match to the Hubei partiti-like virus 34 
strain WHWN68514 (KX884207.1); a newly described virus from Chinese land snails (Shi et 
al, 2016). The sequence in the honeybee sample showed a greater nucleotide 93% similarity 
(93%) than the sequence in A. australis (60%). The sequence divergence of the Hubei partiti-
like virus detected in A. australis in this study may represent a new species of virus. 
Partiviridae viral sequences have been reported in honeybees before (Cornman et al, 2012, 
Galbraith et al, 2018, Roberts et al, 2018). Curiously, in both my study and that by Cornman 
et al, (2012), only the RdRp gene was detected in the bee host. Additionally, Cornman and 
colleagues considered that the high abundance of Partiviridae sequences was noteworthy. 
However, in the Cornman et al, (2012) study the Partiviridae viral sequences were far more 
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abundant in honeybee colonies with Colony Collapse Disorder (CCD) than in healthy hives 
(1733 reads to 9). While it is possible that this virus may be replicating in bee tissue, it is 
probable that these viral sequences derive from fungi or pollen present in the gut. However, 
the suggested link of Partiviridae to bee health makes the possible interactions of these 
viruses within their fungal/plant and invertebrate hosts an intriguing line for further 
investigation. 
Bees as tools for surveillance of plant viruses  
The different plant viruses in honeybees and stingless bees may merely reflect differing floral 
choices at the time of collection. As nectar and pollen nutritional quality varies widely among 
host-plant species, this influences floral choices of bees to obtain appropriate diets (Michener, 
2000). Unfortunately, we know little about the nutritional requirements of different bee 
species. Nevertheless, if honeybees and stingless bees are foraging on different plants, it may 
be useful to employ both for the surveillance of horticultural plant viruses.  
Another advantage of using stingless bees for surveillance of plant pathogens is the detection 
of diseased plants. In this study plant viruses of horticultural importance were found in bees 
not used for commercial pollination. The surveillance of horticultural plant viruses in 
commercial crops by honeybees is useful because you can test bees after servicing farms. 
However, the added value of using stingless bees to locate diseased plants in urban or 
bushland settings stems from their reduced foraging range (typically 300-700 metres - Smith 
et al, 2013) relative to honeybees, which may forage up to several kilometres from their nests 




In this study, I have explored the RNA virosphere of stingless and honeybees in eastern 
Australia. In doing so, I expected to find viruses shared between stingless bees 
and honeybees. Instead, I found that viruses seem to differentially infect honeybees and 
stingless bees. Moreover, exploring the reasons for these differences (exposure, foraging 
behaviours, susceptibilities) remains fertile ground for future researchers. At the very 
least, it offers a practical additional tool for plant pathogen surveillance (Roberts et 


















Research motivations and objectives 
Honeybees are the predominant pollinators of a wide array of commercially produced fruits 
and nuts throughout the world. Human consumption of such crops is increasing, especially as 
household incomes in countries like China and India rise (Regmi et al, 2004). Such expanded 
demand for the services of honeybees on a global scale is occurring at a time when 
beekeepers are dealing with colony losses for several reasons: colony collapse disorder (in 
some countries), pests such as Varroa mite (globally), exposure to agrochemicals (globally), 
and infectious diseases such as viruses (globally). Not surprisingly, researchers and crop 
growers are now trialling alternative insect pollinators to assist with commercial pollination 
(Winfree et al, 2007). Stingless bees are proving to be a particularly important resource for 
commercial crops, such as macadamia nuts, mangos, and watermelons (Amano et al, 2000, 
Aguilar et al, 2013, Ayala et al, 2013, Giannini et al, 2015, Halcroft et al, 2013, Krishan et al, 
2017, Slaa et al, 2006, da Silva et al, 2017, Vossler et al, 2018). However, we have little 
knowledge of the diseases that afflict stingless bees and, therefore, how risky relying on them 
as alternative or adjunct commercial pollinators for honeybees might be. The aim of this PhD 
project was to help assess pathogen risks to Australian stingless bees.  
Shanks brood disease (SBD) was already known to affect two species of stingless bee 
(Tetragonula. carbonaria and Austroplebeia australis) (Shanks et al, 2017).  However, it was 
not known what factors contribute to the occurrence of this disease, such as the bee 
microbiome. My work has expanded our knowledge on the host range of SBD to include 
Tetragonula hockingsi. In addition, the disease appears to be caused by one MLST strain of 
Lysinibacillus sphaericus, and therefore it is unlikely that infection arises from the 
commensal gut flora. Instead, it may be introduced from environmental sources. 
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Additionally, my study is the first to consider the impact of SBD on the stingless bee 
microbiome, and its relationship to the potential functioning of that microbiome.  
My thesis also sought to assess the sharing of viral pathogens between different species of 
Australian eusocial bees (honeybees and stingless bees), involved in providing commercial 
pollination services. The literature on this subject, and specifically in the context of Australia, 
is limited (Fung et al, 2018). I postulated that known honeybee viruses would be highly 
prevalent in stingless bees, particularly those placed alongside commercial honeybees in 
providing pollination services, because honeybees employed in intensive agriculture are an 
identified driver of disease spread (Graystock et al, 2016).  
This study focused on two topics: 
1) The ecology of the brood disease caused by L. sphaericus in stingless bees, and 
2)  The virosphere of Australian stingless bees  
The outcome of my research has practical implications, such as disease management of SBD 
infected hives, and risk of disease transmission when using stingless bees as a substitute for 






This section synthesises my key findings as they relate to the study’s research aims. 
Research topic 1: The ecology of the brood disease caused by L. sphaericus 
in stingless bees. 
 
Geographical range of the disease:  Hives confirmed as diseased in this study included 
cases in Brisbane and Noosa, Queensland, showing that the disease has a much wider 
geographic range than first reported by Shanks et al, (2017), who detected it in Western 
Sydney. 
Infection is caused by a specific strain of non-toxigenic L. sphaericus: The disease appears 
to be caused by one specific multi-loci sequence type (MLST). This strain is different to the 
larvicidal toxic strains known to kill mosquito larvae (Kellen et al, 1965, reviewed by Berry, 
2012).  
Expansion of the host range: The infected T. hockingsi colonies had the same symptoms as 
T. carbonaria infected colonies and had the same MLST strain of the bacteria. Hence, the 
larval host range now consists of A. australis, T. carbonaria and T. hockingsi. 
Susceptibility to infection: It is unlikely that L. sphaericus is an opportunistic pathogen 
arising from a healthy microbiome because the disease was not associated with hives 
experiencing (presumably) stressful conditions, i.e., those used in commercial pollination 
services, or those having co-infections with viruses. Furthermore, the infected colonies in this 
study, which previously were actively foraging and apparently thriving, were all owned by 
hobby beekeepers. The fate of infected colonies varied from colony collapse to recovery.  
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Mechanism of disease: 16S and ITS amplicon sequencing revealed the microbiota of 
infected larvae were drastically different to those of healthy bees, with stark changes to the 
structure and potential functioning of the larval microbiome. The altered structure resulted in 
the overwhelming dominance of L. sphaericus and impacted the potential metabolic 
functioning of the bacterial microbiome, particularly in sugar metabolism. Additionally, I 
suggest that the apparent decrease in the predominant strain of fungi (genus Lophodermium) 
found in healthy larvae may also have impacted negatively on the health of the sick larvae, 
especially considering the important role fungi can play in digestion of plant material, as well 
as in producing sterols essential for pupation in other species of stingless bees (Paludo et al, 
2018). 
Core microbiome: In adult stingless bees I found that the bacterial microbiome varied 
markedly from the hives located in Blaxland compared to the one hive in Richmond, only 28 
km distant and all originally obtained from the same source. Hence, neither a core nor a 
conserved microbiome characteristic of healthy adult stingless bees could be described in this 
study. However, the small number of healthy hives sampled is a major limitation to drawing 
definitive conclusions.  
Disease transmission: L. sphaericus was not readily detected in adults from infected hives, 
nor in hives close to infected hives. This suggests that the disease is not readily transmitted 
by adults between hives. However, the alteration in the bacterial microbiome of adult bees 
indicates that they may be affected by contact with the bacterium. Perhaps these could be 
from larvae that survived infection to become adults with modified microbiomes. Together, 
these findings point to the possibility that the bacterium is introduced from the external hive 




Research topic 2: The virosphere of Australian stingless bees.  
Honeybees and Australian stingless bees do not appear to be sharing honeybee-
associated viruses: This study found a very low prevalence of BQCV in stingless bees, 
implying lack of ongoing transmission in stingless bee communities. In stingless bees testing 
positive to BQCV, the viral loads were about 100X lower suggesting that BQCV is either not 
replicating in stingless bees or doing so at a much lower rate. Furthermore, other highly 
prevalent Hb-associated viral genomes present in Australian honeybees (SBV, LSV1 and 
LSV2, IAPV) (Roberts et al, 2017) in my study were found to be absent in stingless bees, 
using in-depth sequencing of pooled samples. As shared floral resources are suggested to be 
an important route of Hb-associated viral transmission (Alger et al, 2019), these results were 
surprising as one of the analysed pooled samples of T. carbonaria was collected from 
commercial hives co-located with commercial Hb. This suggests that, while stingless bees are 
encountering honeybee-associated viruses, they are not generally susceptible to active 
infections.  
Plant viruses: My study also discovered known viral plant pathogens in both honeybees and 
stingless bees. These were detected with very high read numbers and with almost complete 
recovery of plant viral genomes. Honeybees and stingless bees may be sharing a newly 
described group of viruses within the family Partitiviridae (Hubei partite-like virus 34 strain) 
within a wider invertebrate community.  Other plant viruses detected were not shared 
between honeybees and stingless bees. Two viruses from the genus Nepovirus (family 
Secoviridae) (Tobacco ringspot virus and Tomato ringspot virus) were associated only with 
honeybees, while two viruses of the Bromoviridae family (Pelargonium zonate spot virus, 
and Ageratum latent virus) were associated only with stingless bees. This finding could 
reflect the different foraging preferences of these bee species, but also raises the question of 
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whether these plant viruses can replicate in different bee species.  For example, plant viruses 
replicating in insect tissues are commonly vectored by the homopteran aphids, thrips, 
leafhoppers, planthoppers and whiteflies (as reviewed by Dietzgen et al, 2016). Evidence 
suggests that viruses can also manipulate vector behaviours in ways that enhance their own 
transmission through effects on host cues that mediate feeding, thereby, the probability of 
virus transmission (Mauuck et al, 2018). Conversely, the insect Providence virus (family 
Tetraviridae), a non-enveloped RNA virus, can establish a productive infection in cowpea 
(Vigna unguiculata) plants (Jiwaji et al, 2019). 
 
Research implications 
The importance of the microbiome in the health of animals is well-established (Bahrndorff et 
al, 2016, Cénit et al, 2014). More specifically, the bacterial genus Bacillus in some species of 
stingless bee larvae has been shown to be essential for larval survival (Gilliam et al, 1985). 
Although the exact role Bacillus plays in larval health is not known, removing these bacteria 
from the hive with antibiotics causes the brood to die (Gilliam et al, 1985). Due to the 
bacterial microbiome being so drastically altered in sick SBD larvae, in which 99% of 
bacterial reads were from Lysinibacillus, my work cannot confirm if Bacillus was or was not 
crucial in SBD. However, low reads of Bacillus were detected in all healthy T. carbonaria 
larvae. 
The notion of a conserved core bacterial microbiome in eusocial bees (Kwong et al, 2017, 
Leonhardt & Kaltenpoth, 2014) is questioned in my study. It is possible that a conserved core 
microbiome within adult stingless bees may not be necessary for their health. Rather, the 
functional activity of the microbiome may be the crucial factor, and this might be achieved by 
various possible combinations of microbes. Whether a species relies predominantly on 
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inheriting the microbiome from parent colonies or acquiring it from their immediate environs, 
both strategies likely have associated costs and benefits. Perhaps in the case of stingless bees 
a more adaptive microbiota can be acquired from the local external environment than reliably 
inherited from mother colonies. This may then limit the environments where stingless bees 
can thrive restricting them to locations where the necessary bundles of microbes can be 
obtained.  
Consideration of the microbiome in this way opens new avenues of research to better 
understand factors affecting stingless bee health. For example, it would be interesting to 
ascertain to what extent stingless bees must collect the microbes from sources external to the 
colony and the dynamics of how this might be spread, for instance, from individual foragers 
to throughout the colony. 
The risk of sharing honeybee-associated viruses with other members of the wider community 
of insect pollinators poses a potential threat to stingless bees if Varroa mite and Deformed 
wing virus (DWV) are introduced into Australian honeybees. The widespread nature of RNA 
viruses amongst invertebrates in general (Shi et al, 2016), and the sharing of at least some of 
these viruses across bee host species was supported in my study. 
 
Practical implications 
For commercial pollination: Although I only detected SBD in hives kept by hobby 
beekeepers, there is also potential for its detection in commercial hives. As such, SBD should 
be a concern for all beekeepers. The geographical range of the disease encompasses the main 
areas in which commercial stingless beekeepers (and hobbyists) operate. While the 
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environmental conditions that allow the disease to occur remain unclear, its incidence appears 
to be sporadic.  
The findings in my study did not show any correlation between the disease and commercial 
beekeeping. Possibly this could be due to commercial stingless beekeepers retaining strong 
colonies for propagation. In other words, there could be a kind of natural selection taking 
place. Whereas hobbyists might be retaining and propagating hives, while they think they are 
“thriving”, indirectly supporting the prevalence of the disease. 
Stingless bees and honeybees may both play a role in spreading RNA plant viruses between 
crops. Under these circumstances, the wider foraging range of honeybees compared to 
stingless bees might be a concern for farmers using commercial honeybees. If the crop is 
suitable for stingless bee pollination, their use may reduce the spread of plant viruses from 
farm to farm due to their shorter foraging distances (Beekman & Ratnieks, 2000, Smith et al, 
2017). 
Conversely, stingless bees and honeybees may play a role in detecting incursions of plant 
viruses. Using honeybees in this way has been recently suggested by Roberts et al, (2019). 
But as the plant viruses detected in my study differed between bee species, using both 
honeybees and stingless bees may increase the variety of plant viruses detected. Additionally, 
if plant diseases are being spread by some other mechanism (such as perhaps machinery or 
insect pests), then the monitoring of honeybees for plant viruses would be able to cover large 
areas of land, while the reduced foraging range of stingless bees might enable fine tuning the 
location of diseased plants.  
For SBD infected hives: If an infectious disease is spread via direct contact with infected 
individuals, then quarantine of infected hives is a valid containment strategy. But where 
infectious diseases are solely spread from an environmental source, then it is better to remove 
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the sick hives from the immediate surroundings. Other practical implications for disease 
control also apply, such as sterilizing hive tools and recording the history of diseased hives in 
a hive registration program. 
Study limitations 
My study explored infectious diseases of stingless bees and honeybees and was conducted by 
sampling foraging bees from hobby and commercial hives. As a direct consequence of this 
sampling methodology, the study has several limitations, which need to be considered. First, 
the investigations of SBD and viral prevalence and discovery were performed mostly on 
foraging bees. Therefore, if an infection resulted in immediate death to the bee, or rendered it 
too ill to leave the hive, it would not be included in this study. A survey conducted with the 
same survivor-sampling logic would suggest that Russian roulette is a safer game than 
cricket, because those who get injured during Russian roulette tend to die before they can 
answer surveys while virtually all injuries caused with cricket are survivable and so could be 
detected. Thus, because testing was only performed on active foragers and not on those 
missing in action, the sampling method may have biased the results. Collecting dead bees 
from around hives, or sampling younger workers from within the hive, perhaps even callows, 
may be a way of overcoming this bias. 
Second, my study relied on beekeepers to report diseased hives. Commercial beekeepers who 
propagate and sell hives may not want to reveal that their hives are “sick” for fear of financial 
repercussions. This may well have led to biased reporting from commercial beekeepers. To 
overcome this, a widespread educational and testing approach may be warranted for 
commercial hives. This could form part of a hive registration scheme for stingless bees (like 
that of Hb), where notifiable honeybee pests and disease, as well as SBD, are recorded. 
Alternatively, one could offer compensation to beekeepers for reporting diseased hives.  
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Third, the small number of healthy stingless beehives sampled for establishing the 
microbiome of healthy hives was a limitation. I had assumed that the stingless bee 
microbiome would be largely conserved (Kwong et al, 2017, Leonhardt & Kaltenpoth, 2014), 
like that reported in honeybees (Bonilla-Rosso et al, 2018, Kešnerová et al, 2017, Kwong et 
al, 2014, Matinson et al, 2012, Zheng et al, 2017), but this may not be the case. In retrospect, 
it would have been better to test more healthy hives to comment on a core in healthy hives. 
However, the difference between the microbiomes of healthy and sick colonies is clear 
despite the arguably small sample size. 
 
Areas of further research 
Regarding SBD, there are still several questions to be answered. For future research 
investigations as to how the workers detect larvae with SBD, e.g., through a distinctive 
odour, could also enable the development of a detection tool for the disease. Another 
promising avenue for research would be to investigate further the environmental conditions 
that make a hive susceptible to infection. These could stem from factors inside the hive or 
related to external conditions, such as humidity and temperature. As L. sphaericus can easily 
be grown in the laboratory and introduced via feed into hives, such investigations could be 
undertaken under controlled conditions. Additionally, where foraging bees encounter the 
bacterium in the field offers another avenue of exploration. This could perhaps be undertaken 
by 16S profiling of pollen and nectar of surrounding flowers, especially of diseased hives.  
Moreover, SBD is only one stingless bee brood disease; beekeepers are already aware of the 
possible existence of another, which commonly affects Melipona quadrifasciata in Southern 
Brazil (Díaz et al, 2017). More recently Texiera et al (2020) has Melissococcus plutonius the 
(causative agent of European Foulbrood) causing disease in stingless bees (albeit probably 
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via honeybee pollen fed to stingless bees). Informal reports from an Australian supplier of 
hobby hives of a brood disease affecting A. australis, and manifesting differently from SBD, 
await investigation (Time Heard, personal communication 2019). With a growing interest in 
the commercial aspect of stingless beekeeping, if an industry-led structure for the 
investigation of such hive losses was instigated, more diseases will probably be uncovered. A 
commercial diagnostic testing service could assist this endeavour. Such an approach could 
prevent the spread of further disease and strengthen the viability of the industry. 
Susceptibility of stingless bees to viral infections is an area open for future research. This is a 
general issue for non-Hb pollinators with studies inoculating native bees such as bumblebees 
with Hb-associated viruses and testing for infection development (Dolezal et al, 2016, Tehel 
et al, 2020). While stingless bees do not currently appear to be susceptible to Hb-associated 
viruses in the field, their susceptibility to viruses of other invertebrates and plants is 
unknown, nor is the effects of such infections on their behaviour and/or cognitive 
development. Viral infections have been linked to reduced cognitive development in 
honeybees in previous studies (Benaets et al, 2017, Kim et al, 2019, Traniello et al, 2020). 
Experiments targeting honeybees and stingless bees carrying high viral loads will enhance 
our knowledge regarding such host-pathogen interactions. 
 
Conclusion 
Like other rapidly evolving pathogens, RNA viruses are often presented with new 
opportunities to extend their host ranges. Human activity provides many of these 
opportunities through our agricultural practices of keeping commercial bees in large numbers, 
and frequently moving hives (both honeybees and stingless bees) from one location to 
another (sometimes outside their natural distribution or optimum climatic requirements), 
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thereby presenting pathogens with new opportunities to spread and evolve. Coordinated 
large-scale surveillance of colony losses, together with monitoring and reporting of diseased 
hives, and diagnosis of pathogens and their management are all needed if we are to ensure the 
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Appendix B: Primer and probe sensitivity and specificity testing 
Method 
Sequences of the target species and gene for qPCR were obtained using the MCBI database. 
Where possible a wide selection of strains was selected from different countries including 
Australia (analytical sensitivity). The sequences were aligned and maximum likelihood 
phylogenetic trees (MEGA version 8) were constructed to identify the presence of distinct 
clades. Conserved areas were manually selected. The selected sequences were then imported 
into SpeedDX proprietary software to select candidate primers and probes. The primers and 
probes with the least self-binding were selected for in silico analysis (Analytical specificity). 
The in-silco analysis consisted of performing BLAST (Megablast) for inclusivity and a 
BLAST(n) search for specificity on the chosen primers and probes. To confirm the specificity 
of the primers, amplicons were purified with the Wizard SV Gel and PCR Clean Up kit 
(Promega, Madison, WI, USA), and sequenced commercially on an automated DNA 
sequencer (HIE facility) with the forward and reverse PCR primer and underwent a BLAST 
(Megablast) search for confirmation. 
Results 
BQCV 
Analytical sensitivity: The inclusivity was carried out on different isolates of BQCV from 
different continents and from Australia. A phylogenetic analysis revealed distinct groupings 
from strains that appear to be due to geography. The phylogenetic analysis of the strains 
aligned show that the Apis mellifera derived sequences of BQCV were interspersed with non- 
Apis mellifera derived isolates. 






Figure B-1 Neighbor-Joining tree BQCV  
Sequences based on a 700 bp segment of the capsid gene. The analysis involved 30 nucleotide sequences. There 
was a total of 368 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (4). 











16S region showed distinct clades of toxigenic and non-toxigenic strains of L sphaericus (Ge 
et al, 2011). L. fusiformis appeared to be dispersed amongst the L sphaericus strains.  
 
Figure B-2 Neighbor-Joining tree L sphaericus sequences Based on a 1495 bp segment of the 16sRNA gene. 
The analysis involved 34 nucleotide sequences. There were a total of 1503 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA7 (4). L sphaericus sequences are coloured in black. L 
fusiformis sequences are coloured in green.  Known toxigenic sequences are coloured in red. Known non-











Figure B-3 Neighbor-Joining tree SBV Based on a 487 bp segment of the capsid gene. The analysis involved 
32 nucleotide sequences. There was a total of 480 positions in the final dataset. Evolutionary analyses were 











Appendix C: Case Histories of Sick hives 
Hive 1 Leonnie niven 
My observations are: 
• The hive box was totally full of material - brood cells plus the surrounding structures 
for food storage 
• Honey was dripping from the top section 
• Strong smell when the hive was opened (not bad, just the hive smell but very strong) 
• It did have a scattergun appearance - many holes where brood cells were missing 
• there was colour variation in the brood cell mass (which I hadn't noticed at Toby's 
demo) 
• some of the brood cells seemed thin walled and 'dry' (the samples I got for you are 
like this) 
• The split was not neat - the brood material tore. I think the advancing front was quite 
low in the bottom box. 
 
 
Photo of hive 1 location and brood appearance provided by beekeeper       




Hive 2 Louise Edwards 
The bees are dumping their larvae out of the hive (about 20 per day, once a week for the past 
3 weeks). We are not sure if it is a pathogen or not. There is plenty of activity in the hive 












Hive 4 Tim Heard 
Hive was dumping large numbers of larvae, with reduced foraging activity. 
On opening the hive, there was reduced brood levels and the decision was made that the hive 
was no longer viable. The hive was destroyed. 
 
Photo of nest appearance provided by Tim Heard and Tobias Smith 
Hive 5 Tobias Smith 








Hive 6 and Hive 7 Ron Ward 
• P2,3 and 4 were taken in a spot on the courtyard tiles just below the hive entrance. I 
sweep these tiles every day and am aware of virtually any “product” removed by the 
bees. Last Friday I found about a dozen below the entrance, Saturday about two 
dozen, Sunday about 18 and Monday only found 7. Just as I write about half a dozen 
have been removed by the bees so far today.  
• 24.02.2018 - 30+ larvae ejected. (This was after about 4 days of rain and thus nil 
activity.) 
• 25.02.2018 - 20+ larvae ejected. 
• From 26.02.2018 - numbers decreased to approx. 6 per day up until 15.03.2018 and 
since then only observed the odd 1 or 2 per day.  
 
 
Photo of hive location, discarded larvae and nest appearance provided by beekeeper       




Hive 8 & 9 Karen Devlin 
I have three hives of T. Hockingsi that may have signs of SBD. I am seeking advice on what I 
should do to determine if it is indeed SBD or another cause. 
All three hives are located near each other (Kenmore, Brisbane). Two hives started showing 
signs of being unwell when larvae were observed being dragged from the hive. This was first 
observed about 4 months ago. Usually white in colour but sometimes greyish. Some days not 
many, other days up to 20 or so. One hive in particular has been very slow to gain weight 
since being split over 12 months ago. 
As you can see the brood comb is very small, and the hive in general is low in numbers. No 
obvious signs of fly / beetle infestation. The propolis looks a little dry /desiccated perhaps. 
Both hives are still producing larvae. Hive 1 is very active, and lots of pollen being brought 
back, too. Hive 3 is also active, but I haven't been observing any pollen back brought back by 
the workers 
I checked on my other hive at the weekend and it's looking great. Lots of activity! I observed 
it for about 15 mins and no larvae were brought out in that time. So hopefully it means that it 
may not be affected. 
 
Photo of hive appearance provided by beekeeper 
 
  










































































Appendix F: Selected representative 16S and ITS sequences  







































































































































































































































Appendix J: Assigned FASTA viral sequences  
Ageratum latent virus  




































































































>_ RNA_3_contig_1 Depth-of-coverage:163.918 
TAATACCACTTGTACAATTTGATTCCGAATCGGACGATTTCCAGTTGTTGAATTCCTTAACTGAGAC





































Black Queen Cell Virus 















































































































































Hubei partit-like virus 34 strain 14 WHWN68514 

























Hubei partit-like virus 34 strain 14 WHWN68514-like virus 

























Lake Sinai Virus 3 
































> contig_2 Depth-of-coverage:6028.75 
TGGATTCATGGGTATCGCGGTACCCGCTGACAAGACAGCGGGAGTTGCGTCTTGCTTACGAGAAGT
TGCACGGCAGCATGCTAGTGCAGACGCCCCACACGAAAGTTCGAAACTTTATTAAAGTGGAACCT


























































Lake Sinai Virus 8 































Tobacco ringspot virus 




































































































































































Tomato ringspot virus 













AACAGGCAAGCGTACCGCTTTTTTTAGGGAACTTGCCACATTAATCAATT TTGA  
















































> RNA_2_contig_3 Depth-of-coverage:5.78376 
TCATGGCAAGTGTAATTCCTCTAGTTAATAGAGCCGCTTGTCAGTCCTCTTTGGGAACTCCTGGTGG
TAATGTACATACTATCCACCAGGAAGTACCCACTGTATCGCAAACCCCGCCTTTTACAGGGGTGCG









































































































> RNA_2_contig_1 Depth-of-coverage:263.378 
TCCAAATCGATTAAGTGACATTCTTACTCGCAGTCATTTCAGTTCATAAATGGCTACTTTTACTTTC
GAAAACTTTCTTTCTGGCGCCTACACGGGCCTTCCTATCGATAAATTCAAAGCCCTCGGTCTTAAC








































































































Appendix L: Orphaned honeybee associated viral sequences  
MG RAST 
Honeybee sample (SBV) 










T. carbonaria (BR2) [DWV] 
>mgm4821695.3[Varrroa destructor virus-1]   
AAACAGTTTAAAGATTGGGTTAAAGTTATTTCATCTGATTTTGGTAACAATTGCCGTA 
GTAGTAATCAAGTTTTTCTATTTTTCAAAAATACATTTGAAGTATTAAAGAAAGTTTG 
GGCGTATGTATTTTGTTTAGGTAATCCGGCAGCACGTCTTTTAAAAGCAGTTAACGAT 
GAGCCAGAAATTTTAAAAGCA 
 
>Deformed_wing_virus_refseq:NC_004830.2 
TTTCTATTTTTCAAAAATACATTTGAAGTATTAAAGAAAGTTTGGGCGTATGTATT
TTGTTTAGGTAATCCGGCAGCACGTCTTTTAAAAGCAGTTAACGATGAGCCAGAA
ATTTTAAAAGCA 
 
>_SBVrefseq:NC_002066.1TCGGAATTGTATCAGCTTAAATCAACCTCTACTTTTATT
CCGGAAATGGCTCATTTAGAAGAAAAGAAGATTAGGGGTAATCCCCTCATTGTG
ATACTATTGTGTAACCATGCTTTTCCGGAG 
>_SBVrefseq:NC_002066.1TTATCACCATTACAGACGGGGGAGGGAGGAGCGAATG
ATATGTTTATACGACCTTTTTATCGATATACGCGTGCTGAATTTGCGGGA 
 
 
